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General introduction

Microbeam radiation therapy (MRT) is a treatment modality based on synchrotron generated x-rays. The negligible beam divergence together with the high flux and the high x-ray source spatial coherence give the possibility of spatial fractionation of the radiation beam in a micrometric array. This allows to push the dose-volume effect towards its theoretical limits. When a tissue does not receive a homogeneous radiation, normal cells migrate to damaged areas in order to enhance the repair mechanisms. However, the tumor microenvironment goes through changes which lead to reduction or total ablation of tumor mass. The exact radiobiological mechanisms underlying the MRT, the thresholds of toxicity and efficiency and optimal treatment parameters are still not fully known. After three decades of research, MRT is finally in clinical transfer phase given the recent large animal studies promising results. For a safe clinical transfer of MRT in the coming years, some challenging medical physics issues have to be faced: a precise dose calculation engine, accurate experimental dosimetry and online monitoring, beam and patient positioning and patient specific quality assurance.

In this PhD thesis, the main aspect of interest is the dose calculation engine that take into account MRT properties. So far, the most advanced MRT treatment planning system (hybrid dose calculation algorithm) is limited to a macroscopic rendering of the dose and do not account for the microscopic dose distribution of MRT. For this reason, a pure Monte Carlo (MC) dose calculation engine with micrometric resolution has been developed for MRT (penMRT). PenMRT is based on the PENELOPE (2018) MC code, modified to take into account the voxelised geometry of the patients (CT-scans) and offering an adaptive micrometric dose calculation grid. To improve the calculation speed, parallelization using OpenMPI was added together with an optional source replication protocol. The reliability of penMRT is tested by cross-validating the calculated dose maps obtained with penMRT and general purpose main program released in PENELOPE package (penmain) and also Gate (based on Geant4) at the similar configurations. The reliability of multi-incidences calculated dose maps as well as the source replication method have been validated.

Afterwards, penMRT is tested in real treatment condition from preclinical cases (canine and rodent patients). Until now, the hybrid dose calculation algorithm has been used for MRT trials, which gives millimetric separated peak and valley dose maps. Thus, penMRT is cross-validated with the hybrid algorithm. For this reason, the peak and valley dose maps are extracted from micrometric dose maps of penMRT and re-sampled to the same resolution as hybrid algorithm. The resulting multiscale dose maps of penMRT are used to extract high resolution differential and cumulative dose-volume histograms (DVHs). Toxicity and treatment efficiency thresholds could be derived from correlating DVHs data and Contents in-vivo trials analyses.

As a part of the validation of each new calculation algorithm, the calculated dose maps of penMRT are compared to the experimental dosimetry. The most adequate dosimeter with a micrometric resolution, tissue equivalency, large dynamic dose range, being independent to energy and non-sensibility to high flux is radiochromic films (Gafchromic). However, the micrometric high dose gradients in MRT push the use of Gafchromic films to its theoretical limits. To have a robust and reproducible experimental method, the film analysis methods have been revised and upgraded. Various type of Gafchromic films (EBT-3, EBT-XD and MD-V3) have been tested to find the most relevant film type for MRT. Furthermore, to accelerate the dosimetry procedure, a neural network had been trained to reproduce the calibration curve. The microDiamond detector is also utilized for cross-validation purposes. The microDiamond is a one-dimensional detector with micrometric resolution. It is energy independent and tissue equivalent, making it suitable for a wide range of applications. Additionally, it offers a large dynamic dose range, further enhancing its versatility and reliability in dose measurement and validation.

PenMRT is a pure MC dose calculation algorithm devoted to MRT. The calculation times for PenMRT vary depending on the field size and required resolution, with recorded durations ranging from 6 to 40 hours when utilizing parallelized CPUs. These calculation times are suitable for clinical usage but may not be optimal for the procedure of optimizing treatment plans. For this reason, the idea of Fast-penMRT has been introduced. This method is based on analytic kernels which allow dose calculations within 20 to 30 minutes. Kernel based method is based on several assumptions which affect the calculation accuracy. However, it can be used in an iterative optimization procedure. Once the beam ballistics are verified, the complete precise calculation can be performed by penMRT.

In the future, penMRT will be included in a commercial treatment planning system as the calculation core. PenMRT is a versatile calculation engine thanks to its multiscale approach. This calculation engine can also be used beyond the MRT platform, whenever high resolution calculated doses with precision is mandatory (e.g, stereotactic radiosurgery or dose distribution in presence of nanoparticles).

Cancer treatments

Cancer is a public health concern which can affect any part of body. One in six deaths is caused by cancer [1] making it the second leading cause of death after cardiovascular diseases [2]. Cancer is caused by alterations in genomic DNA in which cells reproduce uncontrollably (Figure 1.1). The cancer treatment strategy depends on tumor location, type, stage and also patient properties [START_REF] Yildizhan | Treatment strategies in cancer from past to present[END_REF]. Existing treatments can be categorized as: surgery, chemotherapy, radiation therapy, targeted therapies, hormonal therapy, immunotherapy, hyperthermia, cryotherapy, photodynamic therapy and palliative treatments [START_REF]Relative measurements and comparisons[END_REF]. The most common treatments are surgery, chemotherapy and radiotherapy. To highlight the importance of radiotherapy, one should bear in mind that over half of all cancer patients benefit from radiotherapy as a part of the treatment procedure. Radiotherapy is usually proposed as a curative strategy in cancer management. In radiotherapy, physics concepts help medicine to induce desired biological effects and it is the main concern of this study.

Radiation therapy

Radiation therapy or radiotherapy consists of using ionizing radiations to cause lethal damages in cancerous cells DNA [START_REF] Yildizhan | Treatment strategies in cancer from past to present[END_REF][START_REF] Reda | Augmenting the therapeutic window of radiotherapy: A perspective on molecularly targeted therapies and nanomaterials[END_REF]. The key parameter in radiotherapy is the absorbed dose from ionizing radiation. The unit of absorbed dose is Gy equal to absorbed energy in Joules per kilogram. Based on the stage of lesion, radiotherapy can be administered before (neoadjuvant radiotherapy), during or after (adjuvant radiotherapy) other treatments. Given radiotherapy will lead to a certain level of the Tumor Control Probability (TCP) and also the Normal Tissue Complication Probability (NTCP). The distance in between TCP and NTCP, known as therapeutic window, defines the efficiency of the chosen treatment [START_REF] Reda | Augmenting the therapeutic window of radiotherapy: A perspective on molecularly targeted therapies and nanomaterials[END_REF]. The outcome of radiotherapy depends on the width of this therapeutic window. The main medical physics challenge is to find an optimal compromise between a maximised TCP and a minimised NTCP. Thus, for an efficient dose prescription, medical quantities like TCP, NTCP and cell survival should be taken into account. These quantities are generally obtained based on the observations on the difference in normal and cancerous tissues survival [START_REF] Bourhis | Clinical translation of FLASH radiotherapy: Why and how?[END_REF]. In order to increase this difference, also known as differential effect, two approaches are exploited (see Figure 1.2): [START_REF] Chargari | Optimize and refine therapeutic index in radiation therapy: Overview of a century[END_REF].

▶ Improve the target dose distribution, ▶ Preserve more efficiently the healthy tissues. The medical physics challenge in radiotherapy is widening the therapeutic window by increasing the TCP and decreasing the NTCP ( inspired by [START_REF] Chargari | Optimize and refine therapeutic index in radiation therapy: Overview of a century[END_REF]).

In order to concentrate a more efficient dose into the target area, different type of particles, more efficient ballistic, different energy ranges, targeted radiotherapy and radiosensitizers (nanoparticles) are being used. Nowadays, advanced radiotherapy modalities such as Intensity Modulated Radiotherapy (IMRT), Volumetric Modulated Arc Therapy (VMAT) and Stereotactic Radiotherapy (SRT) are dynamic techniques based on linear accelerators (linac). These dynamic techniques try to increase the deposited dose in the target without overcoming the constraints of healthy adjacent tissues. The use of different particle types with different energies, e.g, hadrons or Very High Energy Electrons (VHEE) [START_REF] Delorme | Very high energy electron (VHEE) Grid-therapy on PRAE: Monte Carlo study of source definition[END_REF][START_REF] Whitmore | Focused VHEE (very high energy electron) beams and dose delivery for radiotherapy applications[END_REF][START_REF] Giuliano | Proposal of a VHEE Linac for FLASH Radiotherapy[END_REF] and different dose delivery techniques like spatial fractionation of dose into small beams (Grid, minibeam and microbeam therapy) as well as FLASH irradiation (high dose rates > 40 Gy.𝑠 -1 ) are the subject of many recent studies in order to overcome dose limits [START_REF] Bourhis | Clinical translation of FLASH radiotherapy: Why and how?[END_REF][START_REF] Durante | Faster and safer? FLASH ultra-high dose rate in radiotherapy[END_REF] (see Figure 1.3). To summarize, the aim of these studies is to magnify the differential effect by adjusting different factors like type of particles, energy and the geometry of irradiation and exposing the healthy tissues to a dose below the tissue tolerance [START_REF] Bartzsch | A preclinical microbeam facility with a conventional x-ray tube[END_REF]. It is also possible to mix the aforementioned methods to further widen [START_REF] Robert J Griffin | History and current perspectives on the biological effects of high-dose spatial fractionation and high dose-rate approaches: GRID, Microbeam & FLASH radiotherapy[END_REF]). the therapeutic window. One possible scenario is to combine spatial fractionation and the use of different type of particles with various energy ranges and dose rates [START_REF] Robert J Griffin | History and current perspectives on the biological effects of high-dose spatial fractionation and high dose-rate approaches: GRID, Microbeam & FLASH radiotherapy[END_REF]. For example high flux x-ray photons, protons and electrons can be spatially fractionated to improve the output of treatment. Microbeam Radiation Therapy (MRT) is a treatment modality based on fractionation of high flux synchrotron generated x-rays. The increased healthy tissue tolerance thanks to spatial fractionation and FLASH effect gives the possibility to increase the absorbed dose in target volume. After three decades of study, MRT is now in the verge of clinical transfer. For a safe clinical transfer several medical physics issues need to 1. [START_REF] Yildizhan | Treatment strategies in cancer from past to present[END_REF] Microbeam Radiation Therapy 7 be faced.

Microbeam Radiation Therapy

In the quest to enhance the therapeutic index in radiotherapy, the dosevolume relationship has been extensively explored. The therapeutic index in radiotherapy refers to the ratio of radiation dose that produces the desired therapeutic effect to the dose that leads to toxicity. The discovery of dose-volume relationship goes back to 1909 when Alban Köhler observed an unconventionally reduced skin and subcutaneous damages when a metal grid is superposed on the skin [START_REF] Laissue | Inventor of grid therapy[END_REF]. This therapeutic modality which consists of delivering a heterogeneous dose via screening using block areas is called "Grid Therapy" (see Figure 1.4) [START_REF] Robert J Griffin | History and current perspectives on the biological effects of high-dose spatial fractionation and high dose-rate approaches: GRID, Microbeam & FLASH radiotherapy[END_REF][START_REF] Laissue | Inventor of grid therapy[END_REF][START_REF] Yan | Spatially fractionated radiation therapy: History, present and the future[END_REF]. The grid fractionates orthovoltage x-rays according to the distribution of holes in the metallic plate (spatially fractionated radiotherapy or SFRT). With the advent of deeply penetrating megavoltage (MV) radiation and the clinical usage of linear accelerators (linacs), the concept of spatial fractionation was abandoned for several decades and it was renewed during the trials in 1950s and 1960s for investigating the effect of cosmic rays on astronauts. In these trials the extraordinary tolerance of brain tissue to very high doses of deuteron microbeams was observed whilst the same dose delivered in millimetric scale resulted in tissue necrosis (Figure 1.5). In these studies circular microbeams of 25 𝜇m with a dose about 4000 Gy delivered to brain but neuron and glial cells reductions were observed only in beam path. However, the integrity of tissue and functionality of blood vessels were preserved. Following the promising results using deuteron microbeam and taking advantage of advent of synchrotron, Slatkin et al. decided in 1991 to investigate the effect of fractionated x-ray beams [START_REF] Slatkin | Microbeam radiation therapy[END_REF]. The interest of x-ray beams compared to deuteron beams were their increased penetration and reduced perturbations by tissue heterogeneities. Interesting features such as high flux and increased spatial coherence pushed Satkin et al. on synchrotron source. Thus, MRT was implemented at the National Synchrotron Light Source (NSLS, Upton, New York, USA). It was shown at NSLS that using micrometric radiation field with 10000 Gy of peak entrance dose, the necrosis is limited to cellular scale and the tissue integrity is kept preserved. These preclinical studies also showed that homogeneous doses above 100 Gy lead to animal death within days [START_REF] Schültke | Microbeam radiation therapy -grid therapy and beyond: a clinical perspective[END_REF]. [START_REF] Zeman | Histopathologic Effect of High-Energy-Particle Microbeams on the Visual Cortex of the Mouse Brain[END_REF] and [START_REF] Curtis | The Use of a Deuteron Microbeam for Simulating the Biological Effects of Heavy Cosmic-Ray Particles[END_REF]).

When a tissue does not receive a homogeneous radiation, normal cells migrate to damaged areas in order to enhance the repair mechanisms which lead to blood vessels regeneration. However, the tumor microenvironment goes through changes which lead to reduction or total ablation of tumor mass [START_REF] Billena | A Current Review of Spatial Fractionation: Back to the Future?[END_REF]. The relationship between irradiated volume and deposited dose is known as dose-volume effect. Thanks to dose-volume effect, microbeam radiation therapy, uses spatially fractionated radiation as arrays of micrometric beamlets, with extremely high doses in the beam path and doses below tolerance level in between the beamlets. It was also shown that for a given beam energy, higher dose rate leads to a higher normal tissue tolerance (FLASH effect) [START_REF] Lin | FLASH Radiotherapy: History and Future[END_REF]. Thus, using a high dose rates micrometric x-ray beams, the treatment would also takes advantage of this FLASH effect.

Microbeam radiation therapy source

In order to make x-ray microbeam radiation therapy (MRT) feasible, a radiation source with following characteristics is needed:

▶ Low divergence ▶ High dose rate ▶ Steep penumbra
A low divergence beam is required to have a micrometric spatial fractionation. This is achievable using quasi-parallel beams.

Most of the time, in conventional radiotherapy organ motions due to cardiac rhythm does not have an impact on the distributed dose. But in MRT due to the small spatial scale of microbeam arrays, even small displacements should be taken into account. The periodic expansion of blood vessels can create displacements with amplitudes sufficiently large to affect the dose distribution of a microbeam array. A maximum displacement in brain of around 100 to 200𝜇m has been recorded [START_REF] Soellinger | 3D cine displacementencoded MRI of pulsatile brain motion: 3D Dense Brain Motion[END_REF]. The intrinsic organ movement, increases the overall microbeam width (blurring effect). In general a short exposure time minimize artefacts induced by motion. Therefore, a high dose rate is crucial to avoid the blurring effect on the dose distribution caused by patient or/and cardiovascular movements. This high dose rate is also an added value to normal tissue sparing effect thanks to FLASH effect.

Steep lateral penumbra is necessary to ensure a clear separation of the peak and valley region. In MRT, the penumbra is defined as the distance between 80% and 20% of the peak dose [START_REF] Livingstone | Experimental optimisation of the X-ray energy in microbeam radiation therapy[END_REF]. In any case, the geometric penumbra is unavoidable because of the finite diameter of radiation source and the use of collimators to create the microbeams.

MRT was first implemented at the National Synchrotron Light Source (NSLS, Upton, New York, USA) in 1980s-1990s. Since then, some synchrotron facilities across the world have developed their own preclinical MRT trials: the European Synchrotron Radiation Facility (ESRF) in France (Grenoble), the Australian synchrotron (Melbourne), SPring-8 in Japan (Hyogo Prefecture), the Canadian Light Source (Saskatoon).

In the following sections and chapters, the main focus will be the clinical transfer of MRT at the ESRF synchrotron. This x-ray source with a vertical divergence around 1 mrad and a dose rate up to 15 kGy.𝑠 -1 is an ideal radiation source for MRT. At the medical beam line of ESRF (ID17), the generation of x-ray from high energy electrons (6 GeV) of the storage ring is done using wiggler. A wiggler is an Insertion Device (ID) which consists of an array of magnets of alternating polarity. The advantage of wiggler is a higher flux and brilliance of photons compared to other modality of x-ray production. The wiggler position is considered as the source position. The full opening of a wiggler beam defines the beam divergence according the following equations:

𝜃 ℎ [𝑟 𝑎𝑑] = 2𝐾 𝛾 , 𝜃 𝑣 [𝑟 𝑎] = 2 𝛾 (1.1) 𝛾 = 𝐸 𝑘𝑖𝑛 𝑚 0 𝑐 2 + 1 (1.2) 𝐾 = 𝑒[𝐶] × 𝐵[𝑇] × 𝜆[𝑚] 2𝜋 × 𝑚 𝑒 [𝑘 𝑔] × 𝑐[ 𝑚 𝑠 ] (1.3)
Where 𝛾 is the Lorentz factor, 𝐸 𝑘𝑖𝑛 is the kinetic energy and 𝑚 0 𝑐 2 is rest mass energy of the relativistic electron, K shows characteristic the wiggler based on the strength (B) and distance (𝜆) of its magnetic poles. The wiggler of ID17 consists of 11 magnets with spacing of 15 cm and maximum field strength of 1.4 T [START_REF] Chavanne | The ESRF Insertion Devices[END_REF]. Based on the characteristics of the wiggler at the ID17 (see Table 1.1), the calculated vertical and horizontal divergences are 0.1 mrad and 3.3 mrad, respectively [START_REF] Martínez-Rovira | Monte Carlo and experimental small-field dosimetry applied to spatially fractionated synchrotron radiotherapy techniques[END_REF]. This divergence corresponds to a field size of 7 × 154 𝑚𝑚 2 at the sample surface which is located at 40.5 cm from the wiggler. In order to achieve a flat beam intensity profile, the maximum beam extensions are limited to approximately 2 × 35 𝑚𝑚 2 . However, because of the collimation capacity, 0.8 × 35 𝑚𝑚 2 is considered as the MRT beam size.

Target scanning

With a beam extension of 0.8×35 𝑚𝑚 2 , conventional dosimetry procedure with ionization chamber cannot be performed as the beam height is 10 1 Microbeam radiation therapy, advantages and challenges

.6: Vertical scanning of ionisation chamber or sample on goniometer is equivalent to uniform irradiation (inspired by [START_REF] Prezado | Dosimetry protocol for the forthcoming clinical trials in synchrotron stereotactic radiation therapy (SSRT): Dosimetry protocol for the clinical trials in SSRT[END_REF]).

smaller than a typical chamber. So the ionisation chamber is inserted in water or a water equivalent phantom. The phantom is placed on a 3-axis Kappa-type high precision goniometer (Huber, Germany) and the dose rate is integrated by scanning the chamber with a constant well-known speed (20 mm/s) (see Figure 1.6). The goniometer is a device with the possibility of vertical and horizontal translations with an accuracy of the order of 5-10 𝜇m and rotation. It is proven in a study conducted by Prezado et al. that the vertical scanning leads to the same deposited dose as uniform irradiation [START_REF] Prezado | Dosimetry protocol for the forthcoming clinical trials in synchrotron stereotactic radiation therapy (SSRT): Dosimetry protocol for the clinical trials in SSRT[END_REF][START_REF] Dimitri | Accurate dosimetry for microbeam radiation therapy[END_REF].

Because of limited beam size, for tumor irradiation also, one can conclude that it is not possible to irradiate the targets larger than 35 mm at once. For a full horizontal coverage of the target area, junctions or partial irradiation can be used. However, in the context of preclinical trials, use of these irradiation strategies has not been considered. To irradiate the targets with a higher heights than the vertical beam aperture, the sample is translated vertically on a goniometer at a constant speed. Based on the prescribed dose, scanning speed can vary from 10 to 100 mm/s. The dose rate depends on the current in the storage ring. Thus the absorbed dose for a broad beam can calculated by:

𝐷[𝐺𝑦] = 𝐷[ 𝐺𝑦.𝑠 -1 𝑚𝐴 ] × ℎ[𝑚𝑚] × 𝐼[𝑚𝐴] 𝑣[𝑚𝑚.𝑠 -1 ] (1.4)
Where 𝐷 is the dose rate per current, I the current in the storage ring, v the scanning speed and h the vertical collimator slit size.

Energy spectrum in MRT

Energy distribution of x-ray at the exit of wiggler is shown in the Figure 1.7. However, the wiggler spectrum is hardened by different elements and filters located in between wiggler and sample surface. Typically, the filtered spectrums have an average energy from 90 to 140 keV. As it is shown in the Figure 1.8, the aim of filtering is to eliminate the low energy components of the spectrum. These components do not have therapeutic value and just contribute to the surface (skin and subcutaneous tissues) dose. In the external radiotherapy world, the use of energy spectra in kilo electron-Volt range is unusual.The prospect of deep seated targets treatment by such a low energy beam is a challenging concept for radiation oncologists. However, it has been proven that such a beam can be used for treating deep targets with limited deleterious effects [START_REF] Coquery | Locomotion and eating behavior changes in Yucatan minipigs after unilateral radio-induced ablation of the caudate nucleus[END_REF][START_REF] Adam | Toward Neuro-Oncologic Clinical Trials of High-Dose-Rate Synchrotron Microbeam Radiation Therapy: First Treatment of a Spontaneous Canine Brain Tumor[END_REF]. Moreover, thanks to the source size and energy range, the physical penumbra of MRT in synchrotron is smaller than 20𝜇m.

Microbeam production

The microbeams are produced by multislit collimators (MSC), which fractionates the beam in the horizontal direction (see Figure 1.9). Two types of MSC have been used for MRT at the ESRF, Archer mutlislit collimator (AMSC) and Tecomet MSC (TMSC) which consists of watercooled thick radiolucent aluminum interspersed with gold slabs and nitrogen gas-cooled tungsten carbide (WC), respectively [START_REF] Siegbahn | MOSFET dosimetry with high spatial resolution in intense synchrotron-generated x-ray microbeams[END_REF][START_REF] Bartzsch | Technical advances in x-ray microbeam radiation therapy[END_REF]. However, because of uncertainties in the width of microbeams, AMSC was replaced by TMSC and it is currently used for preclinical studies [START_REF] Bräuer-Krisch | Characterization of a tungsten/gas multislit collimator for microbeam radiation therapy at the European Synchrotron Radiation Facility[END_REF]. The arrays produced by MSC contain high gradient dose areas. The central dose between two microbeams is named valley dose and the dose at the center of a microbeam is the peak dose. Peaks are typically ∼25-75 𝜇m wide and separated with a pitch (center-to-center or ctc distance) of 100-400 𝜇m [START_REF] Bartzsch | Technical advances in x-ray microbeam radiation therapy[END_REF][START_REF] Bräuer-Krisch | Medical physics aspects of the synchrotron radiation therapies: Microbeam radiation therapy (MRT) and synchrotron stereotactic radiotherapy (SSRT)[END_REF]. In the current preclinical context at the ID17, microbeams of 50 𝜇m with a spacing of 400 𝜇m is being used (see Figure 1.10). 

MRT beam quality index

In contrast to low and medium energy in which the beam quality is characterized by Half-Value Layer (HVL) of Aluminum and Cupper [START_REF]Absorbed Dose Determination in External Beam Radiotherapy[END_REF], in MRT the ratio of the peak to valley doses (PVDR) value is commonly used to report the beam quality. Whilst the treatment toxicity is directly correlated to valley dose, peak doses are linked to the therapeutic effects. Thus, a higher PVDR indicates a lower toxicity for the same amount of absorbed dose hot spots created by peaks [START_REF] Siegbahn | Determination of dosimetrical quantities used in microbeam radiation therapy (MRT) with Monte Carlo simulations[END_REF].A maximized PVDR in MRT, ensures the maximum preservation of normal tissue and also survival of sufficient cells needed for healing procedure. Based on experimental studies and calculation, PVDR value depends on [START_REF] Martínez-Rovira | Monte Carlo dosimetry for forthcoming clinical trials in x-ray microbeam radiation therapy[END_REF]:

▶ x-ray beam energy, ▶ Radiation field size.

▶ Beam and spacing (c-t-c distance) widths, ▶ Tissue composition.

PVDR and energy:

The relationship between PVDR and energy is shown in a study conducted by Livingstone et al, [START_REF] Livingstone | Experimental optimisation of the X-ray energy in microbeam radiation therapy[END_REF]. In this experimental study authors showed that PVDR increases by increasing energy spectra up to 124 keV [START_REF] Livingstone | Experimental optimisation of the X-ray energy in microbeam radiation therapy[END_REF]. Thus the optimal energy for MRT trials is around 100 keV [START_REF] Lloyd | Identifying optimal clinical scenarios for synchrotron microbeam radiation therapy: A treatment planning study[END_REF] for smaller samples and around 120 keV for larger samples.

PVDR and field size: PVDR is not constant over a radiation field and it has a minimum in the center of field because the valley dose reaches its maximum at the center of the field. The peak dose is rather constant, compared to valley dose [START_REF] Donzelli | Improving dose calculation and treatment planning techniques for microbeam radiation therapy with computational methods[END_REF]. Also by decreasing the field size, the PVDR increases which enhances the normal tissue tolerance.

PVDR and beam/spacing width: As the number of microbeams increases, PVDR decreases. The number of beams can be increased by reducing the ctc spacing. For a fixed beam spacing, this number increases by field size. The reason is that valley doses increase more than in-beam doses, because they are mainly caused by Compton scattering and the number of these photons increases by increasing the number of peaks [START_REF] Gokeri | Monte Carlo simulation of microbeam radiation therapy with an interlaced irradiation geometry and an Au contrast agent in a realistic head phantom[END_REF][START_REF] Martínez-Rovira | Monte Carlo dose enhancement studies in microbeam radiation therapy[END_REF].

PVDR and tissue composition:

To enhance the PVDR value, it is not possible to change the tissue composition. However, in searching for dose enhancement in the tumor, injection of contrast agents with high atomic numbers can also be envisaged. This dose enhancement method is based on increasing the Compton and photoelectric cross section and as a consequence have an increased peak dose value [START_REF] Martínez-Rovira | Monte Carlo dose enhancement studies in microbeam radiation therapy[END_REF].

1. [START_REF]Relative measurements and comparisons[END_REF] Microbeam radiation therapy source 13

MRT effectiveness

Generally treatment strategy of certain lesions like malignant gliomas is limited to palliative treatments because the required dose to ablate the lesion, exceeds the adjacent healthy tissue tolerance thresholds. The invivo studies shows that spatially fractionated therapies (Grid, minibeam and microbeam radiation therapies) have a higher therapeutic index than conventional radiotherapy [START_REF] Bartzsch | A preclinical microbeam facility with a conventional x-ray tube[END_REF][START_REF] Dilmanian | Response of rat intracranial 9L gliosarcoma to microbeam radiation therapy[END_REF]. The therapeutic index is defined as the minimum dose for tumor control to maximum dose tolerated by healthy tissue. In-vivo trials confirm that thanks to spatial fractionation, normal tissue tolerances can reach to several hundred Grays in one fraction whilst tumor control can be achieved by this single fraction of receiving peak dose [START_REF] Lloyd | Identifying optimal clinical scenarios for synchrotron microbeam radiation therapy: A treatment planning study[END_REF]. The fraction of tissue receiving the valley dose is defined as one of the most important criteria for normal tissue toxicity of MRT. The tolerance dose of normal tissue is dependent on the dose threshold for preserving the functionality of the vascular system. Furthermore, having advantages like microscopic precision (radio-surgery) and an increased NTCP, it can be used for non-cancerous diseases either.

The physical parameters which affect the MRT outcome are: field size and target coverage, energy spectrum, beam ballistic, flux, peak/valley width and PVDR [START_REF] Bräuer-Krisch | Effects of pulsed, spatially fractionated, microscopic synchrotron X-ray beams on normal and tumoral brain tissue[END_REF]. Thus, in treatment planning procedure, special attention must be paid to full target coverage by peaks. Full coverage is achievable by correctly adjusting field sizes and beam ballistics ((see Figure 1.11). Purely physical parameters such as beam energy, field size and PVDR are not enough to predict MRT treatment effectiveness. Hence, we should consider biological parameters too. So far the complete biological mechanism behind MRT has not been fully understood. However, there are some potential explanations to justify the effectiveness of MRT. One of the biological procedures which affects the outcomes of MRT is repair. Repair originates from interface between irradiated and non-irradiated tissues [START_REF] Bräuer-Krisch | Effects of pulsed, spatially fractionated, microscopic synchrotron X-ray beams on normal and tumoral brain tissue[END_REF]. The vascularisation also plays an important role. After MRT, the level of vascular growth endothelial factor increases and in consequence the vascularisation increases. Thus compared to homogeneous irradiation field, a faster repair of blood vessels can be observed. The spacing induces this faster repair by providing blood supply. Tissue maturation has also an important role in radiosensitivity. In fact, massive damages were observed in tumor neo-vascularisation system traversed by microbeams, whilst damages in larger vessels are minor or reversible [START_REF] Prezado | Proton-minibeam radiation therapy: a proof of concept[END_REF] (see Figure 1.12).The segmentation of microvascular system of tumor by microbeams reduces the blood perfusion and slows down or stops the tumor growth [START_REF] Billena | A Current Review of Spatial Fractionation: Back to the Future?[END_REF][START_REF] Bräuer-Krisch | Effects of pulsed, spatially fractionated, microscopic synchrotron X-ray beams on normal and tumoral brain tissue[END_REF]. Radiation induced bystander effect is a potential important factor. Bystander in MRT is defined as the cellular and biological effects on non-irradiated cells in valley areas of tumor in response to the signals received from irradiated ones in peak passages [START_REF] Billena | A Current Review of Spatial Fractionation: Back to the Future?[END_REF][START_REF] Rajalakshmi S Asur | Spatially Fractionated Radiation Induces Cytotoxicity and Changes in Gene Expression in Bystander and Radiation Adjacent Murine Carcinoma Cells[END_REF][START_REF] Asur | High dose bystander effects in spatially fractionated radiation therapy[END_REF]. It is suggested that it is TNF-𝛼 and TRA IL, which induces bystander effect. These factors are produced by cells that receive high dose rates. Thus, this type of bystander effect is not observed in conventional radiotherapy.

Other effects of MRT are changes in immune response [START_REF] Fukunaga | A Brief Overview of the Preclinical and Clinical Radiobiology of Microbeam Radiotherapy[END_REF] (e.g. MRT can activate both innate immune cells (Tregs), as well as adaptive immune cells, including CD8 and B cells within the tumor microenvironment [START_REF] Bazyar | Immune-Mediated Effects of Microplanar Radiotherapy with a Small Animal Irradiator[END_REF]), changes in DNA repair and changes in cell cycle [START_REF] Bartzsch | A preclinical microbeam facility with a conventional x-ray tube[END_REF].

Biological reasons for higher normal tissue tolerance is one the main concerns of MRT preclinical studies. As MRT is mainly focused on brain diseases [START_REF] Michael | an international journal devoted to the applications of physics to medicine and biology[END_REF], the role of stem cells is important. In the central nervous system (CNS) the loss of stem cells can cause irreversible damages.

In the studies conducted by Dilmanian et al. on the rat CNS [START_REF] Dilmanian | Tissue-sparing effect of x-ray microplanar beams particularly in the CNS: Is a bystander effect involved?[END_REF] 2 weeks after MRT irradiation the loss of oligodendrocytes, astrocytes and myelin was observed. However, the follow-ups showed a near complete repopulation and remylination. The hypothesis to account for this observation was stem cells migrations from non-exposed to exposed areas [START_REF] Fukunaga | A Brief Overview of the Preclinical and Clinical Radiobiology of Microbeam Radiotherapy[END_REF]. Another biological parameter which affects the normal tissue tolerance is the tissue oxygen level. In fact the response of normoxic and hypoxic tissues to spatially fractionated beam is the same. However, the FLASH effect is oxygen dependent which means hypoxic tissues will be spared more than normoxic ones. FLASH irradiation induces a temporary hypoxic environment by depleting oxygen during the irradiation process, affecting both healthy and cancer cells. It is well-known that hypoxic cells exhibit higher resistance to radiation compared to oxygenated cells. The significance of this characteristic lies in the fact that a majority of tumors are already hypoxic, whereas healthy tissue maintains adequate oxygenation. Therefore, FLASH irradiation has the potential to offer protection to healthy tissue without compromising the response of cancer cells. By delivering an ultra-high dose of radiation in a short duration, FLASH irradiation takes advantage of the differential oxygenation status, sparing oxygenated normal tissue while targeting hypoxic cancer cells [START_REF] Gabriel Adrian | The FLASH effect depends on oxygen concentration[END_REF][START_REF] Van Den | Using oxygen dose histograms to quantify voxelised ultra-high dose rate (FLASH) effects in multiple radiation modalities[END_REF]. In summary, as MRT benefits also from FLASH effect, one can conclude its dependence to oxygen level [START_REF] Schneider | Combining FLASH and spatially fractionated radiation therapy: the best of both worlds[END_REF].

MRT versus conventional radiotherapy

When one talks about a higher differential effect of MRT (wider therapeutic window) than conventional treatments [START_REF] Bartzsch | A preclinical microbeam facility with a conventional x-ray tube[END_REF], the major differences in between these two treatment paradigm should be highlighted [START_REF] Bartzsch | Microbeam Radiation Therapy -physical and biological aspects of a new cancer therapy and development of a treatment planning system[END_REF]:

▶ MRT uses orthovoltage x-ray whilst conventional therapies are based on MV spectra. Because of the differences in energy spectrum, a small penumbra is observed in MRT. Thus, a steeper depth dose is observed in MRT compared to conventional radiotherapy. ▶ The radiation beam in MRT is highly polarized in horizontal plan.

The polarization does not affect in in-field dose but the out-of-field dose is highly affected by the type (horizontal, vertical or circular)

Potential applications of MRT

and the degree of polarization. This polarization does not exist in routine clinical radiotherapy practices. ▶ Highly dynamic dose ranges in MRT are observable (for example valley dose around 5 Gy with peak doses of 100 Gy), whilst in conventional radiotherapy these high dose gradients inside the irradiation field does not exist. ▶ Thanks to the compact form of linacs, radiotherapy services usually have several treatment units which work simultaneously. ▶ The dose delivery unit in conventional radiotherapy is called Monitor Unit (MU). Each MU is the needed time to deliver an absorbed dose of 1 cGy in reference condition inside a water tank.

In MRT, on the other hand, the delivered dose is defined by the scanning speed of vertical motor. The prescribed dose in MRT is the absorbed dose from a uniform field of a 2 × 2 𝑐𝑚 2 at the depth of 2 cm in order to induce the required peak or valley dose at the isocenter. Knowing the synchrotron current, beam aperture (slit size) and the dose rate, this dose is administered by calculating the scan speed.

Because of fundamental physical and biological differences in between MRT and conventional radiotherapy and the fact that it is restricted to synchrotron, MRT is still considered as a novel technique [START_REF] Donzelli | Improving dose calculation and treatment planning techniques for microbeam radiation therapy with computational methods[END_REF]. Conventional radiotherapy has been practiced for nearly one century on human patients and over the time it became a robust and reliable tool for cancer treatment whilst MRT is at its final steps of preclinical phase. In order to introduce MRT as a routine clinical paradigm, all its technical, physical and biological aspects must be studied and the risks must be evaluated.

Potential applications of MRT

MRT can be used to treat various malignant and benign lesions. So far, the in-vivo studies on efficiency of MRT are mostly oriented to: brain tumors, Mammary tumors, melanoma, squamous cell carcinoma and lung carcinoma [START_REF] Verdiana Trappetti | Synchrotron Microbeam Radiation Therapy for the Treatment of Lung Carcinoma: A Preclinical Study[END_REF]. MRT potentially can be used to control the primary tumor in musculoskeletal cancers to increase the life span of patient [START_REF] Schültke | Microbeam radiation therapy -grid therapy and beyond: a clinical perspective[END_REF]. Because of higher normal tissue tolerance, MRT can be used to treat non-malignant diseases like drug-resistant epilepsy. Similar to other radio-surgical modalities, administration of MRT is limited to one (for now, possibly up to three after further developments) session [START_REF] Schültke | Microbeam radiation therapy -grid therapy and beyond: a clinical perspective[END_REF]. The treatment administration strategies for MRT can be categorized as below:

▶ A stand-alone treatment delivery to ablate the lesion. ▶ A boost for conventional radiotherapy [START_REF] Schültke | Microbeam radiation therapy -grid therapy and beyond: a clinical perspective[END_REF]. In this case, the valley dose should match the conventional prescribed dose [START_REF] Bouchet | Better Efficacy of Synchrotron Spatially Microfractionated Radiation Therapy Than Uniform Radiation Therapy on Glioma[END_REF]. ▶ In combination with chemotherapy or immunotherapy [START_REF] Régnard | Enhancement of survival of 9L gliosarcoma bearing rats following intracerebral delivery of drugs in combination with microbeam radiation therapy[END_REF]. ▶ A radio-surgical tool in neurological disorders (e.g. drug-resistant epilepsy [START_REF] Studer | Synchrotron X-ray microbeams: A promising tool for drug-resistant epilepsy treatment[END_REF]). ▶ In combination with high-Z nano-particles to deposit a higher uniform dose in the tumor volume [START_REF] Martínez-Rovira | Monte Carlo dose enhancement studies in microbeam radiation therapy[END_REF][START_REF] Le Duc | Toward an Image-Guided Microbeam Radiation Therapy Using Gadolinium-Based Nanoparticles[END_REF].

MRT clinical transfer

Clinical transfer of a novel treatment modality begins from preclinical trials on rodents and it pursues by treating the larger animals (Figure 1.13). The three majors concerns in preclinical studies of MRT are: normal tissue tolerance, MRT as a radio-surgical tool and the treatment of nonmalignant diseases like epilepsy [START_REF] Eling | Ultra high dose rate Synchrotron Microbeam Radiation Therapy. Preclinical evidence in view of a clinical transfer[END_REF]. After many years of experiences on rodents model [START_REF] Fukunaga | A Brief Overview of the Preclinical and Clinical Radiobiology of Microbeam Radiotherapy[END_REF][START_REF] Fernandez-Palomo | Animal Models in Microbeam Radiation Therapy: A Scoping Review[END_REF], the large animals like pigs [START_REF] Coquery | Locomotion and eating behavior changes in Yucatan minipigs after unilateral radio-induced ablation of the caudate nucleus[END_REF][START_REF] Ocadiz | Film dosimetry studies for patient specific quality assurance in microbeam radiation therapy[END_REF] and canine patients [START_REF] Adam | Toward Neuro-Oncologic Clinical Trials of High-Dose-Rate Synchrotron Microbeam Radiation Therapy: First Treatment of a Spontaneous Canine Brain Tumor[END_REF] were also been treated at the ID17 of ESRF to investigate the effect of spatially fractionated x-rays on normal tissue tolerance and naturally grown deep seated tumors, respectively. A review study on MRT preclinical articles was conducted by Fernandez-Palomo et al. [START_REF] Fernandez-Palomo | Animal Models in Microbeam Radiation Therapy: A Scoping Review[END_REF]. In this study, the number of articles up to 2020 are categorized based on animal species (Table 1.2). The main objectives of preclinical studies are:

1. Curing effect and efficiency of MRT, 2. Normal tissue sparing and toxicity of MRT.

The aim of these animal studies is to observe the physical condition (weight loss, hair loss, skin damages and motor disturbances) and neurobehavioral changes after exposure. The follow-up histological analysis also provide the microscopic information about cells and tissue changes [START_REF] Anderson | Dosimetry and Biological Studies for Microbeam Radiation Therapy at the Canadian Light Source[END_REF]. Furthermore, the dose calculation and modeling aspects and also the effect of beam ballistics have been considered in some recent studies [START_REF] Eling | Unexpected Benefits of Multiport Synchrotron Microbeam Radiation Therapy for Brain Tumors[END_REF]. Table 1.3 and Table 1.4 contain a summary of models used for cancer treatment and normal tissue tolerance, respectively [START_REF] Fernandez-Palomo | Animal Models in Microbeam Radiation Therapy: A Scoping Review[END_REF]. Among the mentioned researches in the [START_REF] Bouchet | Better Efficacy of Synchrotron Spatially Microfractionated Radiation Therapy Than Uniform Radiation Therapy on Glioma[END_REF][START_REF] Eling | Unexpected Benefits of Multiport Synchrotron Microbeam Radiation Therapy for Brain Tumors[END_REF][START_REF] Serduc | Brain tumor vessel response to synchrotron microbeam radiation therapy: a short-term in vivo study[END_REF][START_REF] Serduc | First trial of spatial and temporal fractionations of the delivered dose using synchrotron microbeam radiation therapy[END_REF][START_REF] Serduc | Synchrotron microbeam radiation therapy for rat brain tumor palliation-influence of the microbeam width at constant valley dose[END_REF][START_REF] Bouchet | Preferential Effect of Synchrotron Microbeam Radiation Therapy on Intracerebral 9L Gliosarcoma Vascular Networks[END_REF][START_REF] Bouchet | Chalcone JAI-51 improves efficacy of synchrotron microbeam radiation therapy of brain tumors[END_REF][START_REF] Bouchet | Early Gene Expression Analysis in 9L Orthotopic Tumor-Bearing Rats Identifies Immune Modulation in Molecular Response to Synchrotron Microbeam Radiation Therapy[END_REF][START_REF] Bouchet | Synchrotron microbeam radiation therapy induces hypoxia in intracerebral gliosarcoma but not in the normal brain[END_REF][START_REF] Bouchet | Identification of AREG and PLK1 pathway modulation as a potential key of the response of intracranial 9L tumor to microbeam radiation therapy: AREG and PLK1 in Specific Tumor Response to MRT[END_REF][START_REF] Bouchet | Permeability of Brain Tumor Vessels Induced by Uniform or Spatially Microfractionated Synchrotron Radiation Therapies[END_REF] and toxicity [START_REF] Serduc | Synchrotron microbeam radiation therapy for rat brain tumor palliation-influence of the microbeam width at constant valley dose[END_REF][START_REF] Serduc | In vivo two-photon microscopy study of short-term effects of microbeam irradiation on normal mouse brain microvasculature[END_REF][START_REF] Serduc | Characterization and quantification of cerebral edema induced by synchrotron x-ray microbeam radiation therapy[END_REF] related studies, notably two pioneer researches on large animals [START_REF] Coquery | Locomotion and eating behavior changes in Yucatan minipigs after unilateral radio-induced ablation of the caudate nucleus[END_REF][START_REF] Adam | Toward Neuro-Oncologic Clinical Trials of High-Dose-Rate Synchrotron Microbeam Radiation Therapy: First Treatment of a Spontaneous Canine Brain Tumor[END_REF], had been carried out by 1 Microbeam radiation therapy, advantages and challenges researchers of our team (STROBE, INSERM UA7, université Grenoble-Alpes) at the ID17 of ESRF.

MRT clinical transfer

There are four major issues which slow down the routine clinical usage of MRT [START_REF] Michael | an international journal devoted to the applications of physics to medicine and biology[END_REF]:

1. For instance only the synchrotrons produce the x-ray flux required for MRT. Managing patient administration within the clinical routine framework in synchrotron facilities, which are typically science-oriented, can be a complex task, 2. Photon energy which makes the depth of penetration limited, 3. Medical physics challenges: Dosimetry and targeting method, patient motion, 4. Biological mechanism of MRT and FLASH effect and the reason for higher differential effect must be tested in well-designed controlled trials before clinical usages [START_REF] Schneider | Combining FLASH and spatially fractionated radiation therapy: the best of both worlds[END_REF].

The irradiation source issues, medical physics and biological challenges will be explained in the following sections.

MRT outside the synchrotron world

In order to bring MRT outside the synchrotron, the use of various types and energies of particle has been studied. It must be sure that, primary particles undergo only minimal lateral scattering before transferring a major part of their energy and also, secondary particles have a short range and deposit most of their energy locally. Short range of secondary particles is necessary to avoid blurring of dose distribution. The use of electrons in conventional energy ranges (6 to 30 MV) for MRT is complicated because of their low penetration and large deviation due to multiple scattering [START_REF] Donzelli | Improving dose calculation and treatment planning techniques for microbeam radiation therapy with computational methods[END_REF]. Also it seems impossible to use neutrons for this reason as it is hard to collimate them fine enough to produce microbeams.

Charged particles for MRT

The use of high energy electrons and hadrons, in the form of minibeams or grid therapy seems to be a realistic option [START_REF] Martínez-Rovira | Dosimetric evaluation of new approaches in GRID therapy using nonconventional radiation sources: Dosimetric evaluation of new approaches in GRID therapy[END_REF][START_REF] Santos | Minibeam radiation therapy: A microand nano-dosimetry Monte Carlo study[END_REF]. Charged particles spatial fractionated radiotherapy is a technique which reduces NTCP by combining the normal tissue sparing of spatially fractionated beams with improved dose deposition of ions (because of Bragg peak) [START_REF] Yan | Spatially fractionated radiation therapy: History, present and the future[END_REF]. Contrary to the opinion of certain researchers who express concerns about lateral scattering and the long-range effects of secondary particles, numerous studies investigating MRT modalities based on charged particles have demonstrated encouraging outcomes. Zlobinskaya et al. studied the use of micrometric fractionated proton beam in the form of "microchannels" in a human skin model [START_REF] Zlobinskaya | Reduced side effects by proton microchannel radiotherapy: study in a human skin model[END_REF]. In this case, protons remain separated in normal tissues but spread out when they reache to the depth of tumor in order to produce a homogeneous dose distribution in target volume. The production of these microchannels can be done using ion microprobes of the tandem accelerator (such as SNAKE in Munich). Using this proton microchannels of 10-50 𝜇m, lower inflammatory and non-significant cell death in the skin were observed. Girst et al. observed the same superiority for proton microchannel radiotherapy as well as x-ray MRT compared to homogeneous broad beam in normal tissue sparing [START_REF] Girst | Improved normal tissue protection by proton and X-ray microchannels compared to homogeneous field irradiation[END_REF].

Protons also can be used in the form of minibeam radiation therapy which uses the peaks of around 500 to 700 𝜇m. In proton minibeam radiation therapy (MBRT) and using the interlacing of arrays, Prezado et al. achieved a PVDR of near 1, equal to homogeneous irradiation, in the target [START_REF] Prezado | Proton-minibeam radiation therapy: a proof of concept[END_REF]. MBRT has the advantage of thicker beam which reduces the cardiac pulsation artefact and as a consequence high dose rates are not needed. The use of other ions such as helium has also been studied. Helium offer a lower entrance dose and higher PDVR compared to proton micro/minibeams. However, as Helium ions have reduced multiple Coulomb scattering compared to protons, it is more complicated to have a homogeneous dose distribution on target area. [START_REF] Schneider | Improving the dose distributions in minibeam radiation therapy: Helium ions vs protons[END_REF].

Orthovoltage x-ray beams outside the synchrotron

Coming back to photons, megavoltage x-rays are not suitable as they produce the secondary electrons with the range in order of centimeters. Thus, spatial fractionation in micrometric scale is mostly orientated to orthovoltage x-rays. The orthovoltage x-rays generate low energy secondary electrons.

Probably, the only solution to break out the confinement of MRT treatment to synchrotron facilities is the introduction of alternative compact sources with sufficient x-ray flux. For this reason the conventional x-ray tubes and collimators are not suitable sources, as the x-ray production yield is quite low and the produced beam is divergent. The sources and modalities which are able to provide these features, might be the future of MRT.

There are some alternatives orthovoltage x-ray sources to classic MRT in synchrotrons:

1. Inverse Compton Scattering: This technique is similar to synchrotron, but it uses laser rather than classic bremsstrahlung production in undulators or wigglers. This technique uses scatter infrared photons from a laser projected on ultrarelativistic electrons circulating in a small storage ring to produce x-ray. The back scatter photon takes up a part of electron's energy following the interaction and converts it into an x-ray photon according the following equation [START_REF] Artyukov | Thomson linac-based X-ray generator: a primer for theory and design[END_REF]:

𝐸 𝑥 = 2𝛾 2 𝐸 𝑙 (1 + 𝑐𝑜𝑠𝜃 𝑐 ) 1 + 𝛾 2 𝜃 2 (1.5)
Where 𝛾 = 𝐸 𝑒 𝑚𝑐 2 , 𝐸 𝑙 is the coming photon energy, 𝜃 𝑐 is the incident angle and 𝜃 is the scattering angle. Potentially these sources are much brighter than conventional x-ray tube and they have acceptable beam divergence of around 2 mrad [START_REF] Bruni | ThomX: A high flux compact X ray source[END_REF]. Several inverse Compton scattering machines have been designed and/or constructed. While the typical dose rate at the ID17 of ESRF is around 27 Gy/s, they offer the dose rates presented in the larger aperture width, these devices are more suitable for minibeam rather than microbeam radiation therapies. In a study conducted by Prezado et al. [START_REF] Prezado | Transfer of Minibeam Radiation Therapy into a cost-effective equipment for radiobiological studies: a proof of concept[END_REF], they used Small Animal Radiation Research Platform (SARRP) for implementation of minibeam therapy. To compensate the low dose rate of SARRP, the target-source distance had been reduced and in order to take into account the beam divergence, a multislit collimator with variable pitch distances had been used. In another study, Bartzsch et al. [START_REF] Bartzsch | A preclinical microbeam facility with a conventional x-ray tube[END_REF] used a multislit collimator with divergent slits to produce microbeams using x-ray tubes. Synchrotron quasi non divergent beams collimated by multislit collimators are not affected by distance from radiation source. However, when using an x-ray tube as an alternative to a synchrotron, the conditions are not the same, and a non-divergent multislit collimator may not be effective (see Figure 1.14). To perform MRT experiences, the sample is placed within millimeters from collimator to have a negligible beam divergence and also the highest dose rate. Hence, this configuration is limited to in-vitro studies. A dose rate of 10-18 Gy/min had been achieved with this configuration. The photon flux is limited by heat management. By the way, the reported dose distribution and PVDR are almost similar to ESRF. While the microbeams produced by this design are dosimetrically comparable to microbeams produced in ESRF, the uniformity across the radiation field is lower. Also because of focal spot, the heel effect is observable in the beam spectrum. 3. Line focus x-ray tube: As it is mentioned, achieving the high dose rates using x-ray tubes is complicated as 99% of energy is converted to heat. To overcome the problem of heat management, the concept of line focus x-ray tube had been introduced by Bartzsch et al. [START_REF] Bartzsch | Line focus x-ray tubes-a new concept to produce high brilliance x-rays[END_REF].

In this configuration, accelerated electrons hit a fast rotating target in a thin focus line (see Figure 2 in [START_REF] Bartzsch | Line focus x-ray tubes-a new concept to produce high brilliance x-rays[END_REF]). With the concept of line focus x-ray tubes, the dose rates up to 180 Gy.𝑠 -1 at 0.5 m from focal spot have been achieved. 4. Carbon Nano Tubes (CNT): Spiral irradiation [START_REF] Donzelli | Introducing the concept of spiral microbeam radiation therapy (spiralMRT)[END_REF] can be achieved by utilizing an array of carbon nanotube field emitters [START_REF] Schreiber | Monte Carlo simulation of a compact microbeam radiotherapy system based on carbon nanotube field emission technology[END_REF], which function as cathodes. Electrons are typically generated through the thermionic effect, which imposes limitations on the yield of electron production. Using CNT, electrons are produced by quantum tunneling effect induced by application of an external electric field. Carbon nanotubes are used because lower emission threshold gives us the possibility to achieve a compact device. These CNT cathodes can be in any form and shape such as segmented array and each segment is individually programmable [START_REF] Zhang | Nanotube x-ray for cancer therapy: a compact microbeam radiation therapy system for brain tumor treatment[END_REF]. Using Carbon Nano Tubes (CNT) authors reported a dose rate of 2 Gy.𝑠 -1 . This dose rate is significantly lower than dose rate of synchrotron but the temporal resolution of CNT is at least 15 ms which makes the cardiac gating feasible (Because of cardiosynchronous pulsation, the best scenario is the dose delivery in a time shorter than a heart beat [START_REF] Prezado | Proton-minibeam radiation therapy: a proof of concept[END_REF]). In ring-design of CNT in the Figure 1.15, authors reported the dose rate of 280 Gy.𝑠 -1 in ring configuration consisting of 24 sources [START_REF] Schreiber | Monte Carlo simulation of a compact microbeam radiotherapy system based on carbon nanotube field emission technology[END_REF].

The prescribed dose in MRT is limited by the maximum tolerable valley dose which increases by increasing the field sizes and/or tightening microbeam array. Together with the low penetration of the orthovoltage photons, limits the dose delivery to a non-superficial tumors using single incidence [START_REF] Donzelli | Conformal image-guided microbeam radiation therapy at the ESRF biomedical beamline ID17[END_REF]. In the case of larger or deeply seated tumors, the amount of healthy tissue to be crossed by the beams increases. To overcome this issue, treatment can be delivered via multiple incidences. Using multiple interlaced incidences or spiral MRT [START_REF] Donzelli | Introducing the concept of spiral microbeam radiation therapy (spiralMRT)[END_REF], the target volume can be covered completely with microbeams [START_REF] Donzelli | Improving dose calculation and treatment planning techniques for microbeam radiation therapy with computational methods[END_REF]. This irradiation strategy gives to MRT a comparability to conventional radiotherapy [START_REF] Eling | Unexpected Benefits of Multiport Synchrotron Microbeam Radiation Therapy for Brain Tumors[END_REF]. The total dose at the target depends on the number of beam incidences and the speed of vertical scan. Having a target largely covered by microbeams, decreases the required high doses. The effect of multiple incidences and target coverage by microbeams on the maximum dose is shown in the Figure 1.16. This may reduce the dependence of MRT to synchrotrons and make it feasible at compact sources with low divergence x-ray [START_REF] Donzelli | Improving dose calculation and treatment planning techniques for microbeam radiation therapy with computational methods[END_REF]. 

Medical physics challenges for clinical transfer of MRT

Several challenging medical physics issues have to be managed to expand the concept of MRT to human patients treatments [START_REF] Yan | Spatially fractionated radiation therapy: History, present and the future[END_REF]: Accurate experimental dosimetry and online monitoring tools are being developed [START_REF] Livingstone | Experimental optimisation of the X-ray energy in microbeam radiation therapy[END_REF][START_REF] Livingstone | Characterization of a synthetic single crystal diamond detector for dosimetry in spatially fractionated synchrotron x-ray fields[END_REF], together with state of the art dose calculation engines, beam and patient positioning [START_REF] Donzelli | Conformal image-guided microbeam radiation therapy at the ESRF biomedical beamline ID17[END_REF] and patient specific quality assurance [START_REF] Ocadiz | Film dosimetry studies for patient specific quality assurance in microbeam radiation therapy[END_REF]. These challenges in context of MRT will be explained in following sections.

Experimental dosimetry in MRT

The experimental dosimetry in micrometric scale is not microdosimetry but macrodosimetry within a micrometric resolution. This subject 1 Microbeam radiation therapy, advantages and challenges is complicated, as the already developed techniques for radiotherapy are usually adapted to conventional or stereotactic therapies where a millimetric resolution is sufficient. In general, specific issues of MRT that make experimental challenging ,are [START_REF] Ganesh | Clinical three-dimensional Dosimetry in Modern Radiation Therapy[END_REF]:

▶ dynamic dose range from 1 Gy to 1000 Gy, ▶ high dose rate (up to 15 kGy. 𝑠 -1 ), ▶ low to medium energy photons, ▶ required micrometric resolution, ▶ water equivalency of dosimeter.

In MRT the energy is deposited in the narrow passage of peaks. Also the tissues in the vicinity of beam trajectories in valley areas receive some irradiation from Compton scattered photons [START_REF] Spiga | Microdosimetry for Microbeam Radiation Therapy (MRT): theoretical calculations using the Monte Carlo toolkit[END_REF]. Thus, the dose distribution must be analyzed in micrometric scale as the biological effects of radiation depends on microscopic pattern of deposited energy.

It is necessary to quantify the track-structure effects of radiation. This latter can cause the dissimilar biological effects in the tissues receiving peak or valley doses [START_REF] Bradley | Beam Interactions with Materials and Atoms[END_REF][START_REF] Hugtenburg | Microdosimetry in X-ray synchrotron based binary radiation therapy[END_REF].

Reference absolute dosimetry in MRT

Ionization Chambers (IC) are the standard devices for absolute dosimetry in clinical radiotherapy procedures. For MRT trials also reference absolute dosimetry is performed using IC, based on TRS 398 released by the International Atomic Energy Agency (IAEA) [START_REF]Absorbed Dose Determination in External Beam Radiotherapy[END_REF]. The reference dosimetry protocol consists of measuring the absolute dose rate using PinPoint PTW 31014 IC (PTW, Freiburg, Germany) in a homogeneous field of 2×2 𝑐𝑚 2 at the depth of 2 cm in a water or water equivalent phantom. The PinPoint IC with a sensitive volume of 0.015 𝑐𝑚 3 is an ideal dosimeter in small fields. The IC is calibrated for absorbed dose to water using the TH200 beam quality. This beam quality corresponds to an x-ray tube potential of 200 kVp and an average energy of 99.6 keV which is the closest to the ID17 spectrum. The absolute dose in water under reference condition is given by following equation [START_REF]Absorbed Dose Determination in External Beam Radiotherapy[END_REF]:

𝐷 𝑤,𝑄 = 𝑀 𝑄 × 𝑁 𝐷,𝑤,𝑄 0 × 𝑘 𝑄,𝑄 0 (1.6)
Where 𝑀 𝑄 is the raw reading of IC corrected for pressure, temperature, polarization in between IC electrodes, electrometer and ion recombination.

The ion recombination factor is a challenging issue in high dose rate irradiation. This correction factor for veterinary trial spectrum at the ID17, was estimated precisely by Fournier et al. in 2015 [START_REF] Fournier | Absorbed dose-to-water protocol applied to synchrotron-generated x-rays at very high dose rates[END_REF]. 𝑁 𝐷,𝑤,𝑄 0 is the calibration factor for the beam quality 𝑄 0 (TH200). 𝑘 𝑄,𝑄 0 correction factor relates beam quality 𝑄 0 to beam quality 𝑄 used for dosimetry.

Alanine is a chemical dosimeter that can also be used for absolute dosimetry. These dosimeters consist of amino acids which are sensitive to irradiation. Following the exposure, chemical reactions in amino acids release radicals. The number of radicals is proportional to the deposited energy in the sensitive volume with a linear signal from 2 Gy to 200 kGy. Despite of not being the primary modality for absolute dosimetry, they can be used as an independent method for verification the IC read-out [START_REF] Bartzsch | Technical advances in x-ray microbeam radiation therapy[END_REF][START_REF] Bräuer-Krisch | Medical physics aspects of the synchrotron radiation therapies: Microbeam radiation therapy (MRT) and synchrotron stereotactic radiotherapy (SSRT)[END_REF].

In order to have a rigorous absolute dosimetry, the use of graphite calorimeters have been also studied at the Imaging and Medical Beamline (IMBL) of Australian synchrotron. This dosimetry method is based on measuring the augmentation of temperature at the core of irradiated calorimeter. The spatial resolution of this method does not allow to perform the micro-scale dosimetry but it can be as an alternative to PinPoint ion chambers [START_REF] Harty | Absolute x-ray dosimetry on a synchrotron medical beam line with a graphite calorimeter: Absolute x-ray dosimetry at synchrotron with graphite calorimeter[END_REF].

Relative dosimetry in MRT

The absolute dosimeters in MRT are usually used for dose rate verification in broad beam condition. The reason is that, the absolute dosimetry in micrometric scale is a challenging topic and suitable dosimeters are limited. Therefore, the relative dosimetry is been used in MRT. Two relative quantities for this reason are Output Factor (OF) and PVDR (see section 1.4.4). Output factor for a field of 2 × 2 𝑐𝑚 2 is defined as [START_REF] Dimitri | Accurate dosimetry for microbeam radiation therapy[END_REF]:

𝑂𝐹 = 𝐷 𝑚𝑎𝑥50𝜇𝑚 𝐷 𝑚𝑎𝑥2𝑐𝑚 (1.7)
So output factor is the ratio between the maximum dose measured for a 50 𝜇m wide beam and the maximum dose in a 2 × 2 𝑐𝑚 2 field. Output factor shows the attenuation caused by MSC in terms of maximum dose. Thus, OF can be used for dosimetry and also for dose delivery. Using rodent preclinical trials spectrum (average energy of 104 keV), the output factor is around 0.74. For the same spectrum, the PVDR value at the depth of 2 cm is around 28.9 [START_REF] Reynard | A Monte Carlo intercomparison of peak-to-valley dose ratios and output factors for microbeam radiation therapy[END_REF].

Figure 1.17: Output factor and peak to valley dose ratio.

In the following section, the high resolution dosimeters which can be used for microbeam arrays are described. These relative dosimeters, can be calibrated to measure distinct peak and valley dose values or they can simply report relative values like PVDR.

Potential high resolution relative dosimeters for MRT

Based on the specific features of MRT, potential high resolution dosimeters can be listed as below [START_REF] Bräuer-Krisch | Medical physics aspects of the synchrotron radiation therapies: Microbeam radiation therapy (MRT) and synchrotron stereotactic radiotherapy (SSRT)[END_REF][START_REF] Bräuer-Krisch | Potential High Resolution Dosimeters For MRT[END_REF]:

1. Fluroscent nuclear track detectors (FNTD), 2. Thermoluminescent dosimeters (TLDs), FNTDs are luminescent detectors based on fluorescent aluminum oxide doped with carbon and magnesium in which the tracks of MRT secondary electrons are imaged. They cover a wide dose range from 50 mGy to 5Gy. However, dosimetry using FNTDs, involves a preparation procedure (thermal annealing and optical bleaching) and read-out phase [START_REF] Bartz | Imaging and dosimetry of synchrotron microbeam with aluminum oxide fluorescent detectors[END_REF]. The tissue equivalent TLDs of type LiF:Mg,Cu,P can be used for MRT dosimetry. The measured valley doses using TLDs are enhanced and as a consequence PVDR values are from 11% to 17% smaller than predicted values by Monte Carlo calculations. The over-estimations in valley values are caused by light scattering within the transparent TLD foils. Although, by adding graphite foils in production process of TLDs, they can potentially be used for MRT dosimetry [START_REF] Ptaszkiewicz | TLD dosimetry for microbeam radiation therapy at the European Synchrotron Radiation Facility[END_REF]. MOSFET stands for Metal-Oxide Semiconductor Field-Effect Transistor whith consists of a gate-oxide layer put on top of a silicon crystal. Absolute dosimetry with required accuracy is not feasible using this kind of dosimeter [START_REF] Siegbahn | MOSFET dosimetry with high spatial resolution in intense synchrotron-generated x-ray microbeams[END_REF]. The energy dependency of these kinds of detectors leads to smaller measured PVDRs compared to Monte Carlo calculations (up to 50% smaller). Due to the construction of valley regions by scattered photons with lower energies than primary photons, the interaction cross section in silicon exhibits a significant increase for energies below 20 keV. As a consequence, MOSFET have an enhanced sensitivity in valley areas which results in lower PVDRs [START_REF] Bartzsch | Technical advances in x-ray microbeam radiation therapy[END_REF]. Silicon strip detectors offer high accuracy with high spatial resolution and demonstrate a linear response across a wide dose range. Additionally, they provide real-time readout capabilities, enhancing their utility in various applications. They provide a real microscopically sensitive volume [START_REF] Bartzsch | Technical advances in x-ray microbeam radiation therapy[END_REF][START_REF] James | Developments in Microdosimetry and Nanodosimetry for Space and Therapeutic Applications[END_REF]. However, these solid state detectors in general are not water equivalent and may cause distortions in radiation field (Figure 1.18) and a uniform scaling factor based on the ratio of Si and tissue stopping power is not very efficient in MRT energy range. Also using Silicon strip detectors, perturbations are observed in radiation field because of higher density than tissue equivalent phantoms [START_REF] Hugtenburg | Modeling dose response to synchrotron X-rays in solid-state and biological systems[END_REF]. However, a recent study shows that they can be used as a transmission detector for quality assurance and online beam monitoring during MRT treatment [START_REF] Davis | Evaluation of silicon strip detectors in transmission mode for online beam monitoring in microbeam radiation therapy at the Australian Synchrotron[END_REF]. The use of optical calorimeters to measure PVDR has been also studied. This 2D method is based on mapping the rate of change of water refractive index due to absorbed dose [START_REF] Ackerly | High resolution optical calorimetry for synchrotron microbeam radiation therapy[END_REF]. This method is speckle based imaging, where the alterations in refractive index are measured and compared to a reference image (before irradiation). The spatial resolution of this dosimetry method is determined by the resolution of detector. Gel dosimeters are 3D dosimeters which can be found in the forms of radiochromic Frick and polymer gels. The read-out procedure can be carry out via Magnetic Resonance Imaging (MRI) or optical Computed Tomography (CT). Despite of having promising results for dosimetry in stereotactic therapies, they are not adapted to MRT dosimetry as they are highly sensitive to high dose rates and they also have a limited spatial resolution [START_REF] Bräuer-Krisch | Medical physics aspects of the synchrotron radiation therapies: Microbeam radiation therapy (MRT) and synchrotron stereotactic radiotherapy (SSRT)[END_REF]. PRESAGE dosimeters are 3D radiochromic plastics. They have sufficient spatial resolution and their dose response is linear for orthovoltage x-rays in the dose range of 0 up to 200 Gy [START_REF] Frank | Dose response and stability of water equivalent PRESAGE ® dosimeters for synchrotron radiation therapy dosimetry[END_REF]. Another advantage of PRESAGE is being independent to the dose rate. The disadvantages of this type of dosimeters are: dependence of dose response to storage temperature, having dissimilar compositions from a supplier to another and changing the composition over time [START_REF] Bräuer-Krisch | Medical physics aspects of the synchrotron radiation therapies: Microbeam radiation therapy (MRT) and synchrotron stereotactic radiotherapy (SSRT)[END_REF]. Optical fibers are made of water equivalent plastic scintillators. There are some ongoing studies to improve the spatial resolution of optical fibers for MRT dosimetry [START_REF] Archer | X-ray microbeam measurements with a high resolution scintillator fibre-optic dosimeter[END_REF]. Although, implementation of optical fiber dosimetry and protection of detection components from x-rays during irradiation is complicated. Among these dosimeters, Gafchromic films are promising tissue equivalent dosimeters with micrometric resolution in 2D which are usable over a wide range of radiation dose and dose rate [START_REF] Siegbahn | MOSFET dosimetry with high spatial resolution in intense synchrotron-generated x-ray microbeams[END_REF][START_REF] Ocadiz | Film dosimetry studies for patient specific quality assurance in microbeam radiation therapy[END_REF]. There is no need to chemical treatments. However, read-out procedure using microscopes combined with charge-coupled devices (CCD) or flat-bed scanners induce some uncertainties, specially in low dose areas (valleys). A recent study for quantifying the source of errors, summarizes former MRT film dosimetry attempts where in general 10% to 30% of differences between calculated and measured valley values are observed [START_REF] Pellicioli | Study of the X-ray radiation interaction with a multislit collimator for the creation of microbeams in radiation therapy[END_REF]. This dosimetry method will be explained in details in the chapter 3. Organic semiconductors (ISORG, Grenoble, France) active volume consists of a fullerene acceptor and polymer donor heterojunction. They have the same advantages of Gafchromic films but they do not need any read-out procedure. The irradiation interactions with organic semiconductors are same as IC. However, the response of these detectors is dose-rate dependent at the dose-rates below 60 Gy.𝑠 -1 . So the dose might be over-estimated by increasing the depth [START_REF] Posar | Towards high spatial resolution tissue-equivalent dosimetry for microbeam radiation therapy using organic semiconductors[END_REF].

Diamond detectors are solid state tissue equivalent detectors which have a stable response over a long periods and repeating exposures. For dosimetry in MRT condition, microDiamond PTW-60019 with a cylindrical active volume of 0.004 𝑚𝑚 3 with 1.1 mm radius and 1 𝜇m length, is a good candidate [START_REF] Bartzsch | Technical advances in x-ray microbeam radiation therapy[END_REF]. In a study conducted by Livingstone et al. with the aim of characterizing the microDimond detector, a weak energy dependence and no dose rate dependence from 1 to 700 Gy/s were observed [START_REF] Livingstone | Characterization of a synthetic single crystal diamond detector for dosimetry in spatially fractionated synchrotron x-ray fields[END_REF]. In order to provide the required spatial resolution for MRT, the detector should be on edge-on mode in which the 1 𝜇m active layer is faced to 1 Microbeam radiation therapy, advantages and challenges incident beam (see Figure 1. [START_REF] Schültke | Microbeam radiation therapy -grid therapy and beyond: a clinical perspective[END_REF]. So a special attention must be given to alignment of detector inside the microbeam arrays. The measurement procedure using microDiamond detector will be explained in details in the chapter 4. A summary of described dosimeters for MRT is given in the Table 1.6. 

Dose calculation in MRT

The precise dose calculation in radiotherapy is challenging because of multiple photon scattering from Compton interactions. This is particularly true with orthovoltage photons. Furthermore, in orthovoltage energy range, there is a strong dependence to atomic number because of increased contribution of photoelectric effect. Another challenging issue in MRT, is the required micrometric resolution of calculated dose [START_REF] Bartzsch | A new concept of pencil beam dose calculation for 40-200 keV photons using analytical dose kernels[END_REF]. MRT dose calculation is the principle subject of this thesis, so we will explain it in detail in the following sections.

Dose calculation algorithms

The aim of dose calculation engines is to reproduce 3D dose distribution and evaluate treatment plans using adequate metrics. Absorbed dose is the primary physical quantity for analysing the clinical outcome. The absorbed dose is the amount of energy absorbed in the patient tissue which is characterized by electron density deduced from CT scan images. This physical dose is directly related to biological effects. Based on prediction of clinical outcomes, the optimization of treatment plans will be done. Thus, a dose calculation engine must be fast and accurate in establishing the correlation between delivered dose and clinical effect. The speed of calculation is a key factor for optimization process. A faster calculation allows to render several treatment scenarios (beam ballistics, number of incidences, etc) and choose the best one. A fast calculation usually costs a reduced accuracy. So there is a conflict between the calculation speed and accuracy. The reduced accuracy becomes a problem specially, when we have a heterogeneous media and/or when submilimetric details of energy transport are needed. Dose calculation methods can be classified in three categories: correction based, model based and Monte Carlo methods. These categories in function of their accuracy are shown in the Figure 1.20 [START_REF] De | Dose Calculation Algorithms for External Radiation Therapy: An Overview for Practitioners[END_REF]. Correction based methods are the fastest and least accurate algorithms in which corrections are implemented to consider heterogeneities. The correction based methods are: Tissue air ratio (TAR), Batho power law, equivalent tissue air ratio (ETAR), isodose shift, which are semi-empirical approaches to consider different mediums [START_REF] Wook | History of the Photon Beam Dose Calculation Algorithm in Radiation Treatment Planning System[END_REF]. In model based methods, in contraposition to correction based methods, energy transport is modeled. Hence, model based methods are dependent to dose kernels. Dose kernels describe in different levels the energy transport and position caused by a defined set of primary photon-tissue interactions. In the case of heterogeneous medium, these dose kernels are scaled based on local tissue density. One can conclude that model based methods are more time consuming than correction based methods. Finally, the most sophisticated, accurate and time consuming method which describes all physical features is Monte Carlo. Nowadays, the commercial TPS mostly use model based methods. Monte Carlo methods are mainly used for research and also as a gold standard for new algorithm verification. So in the following sections, these two types of algorithms will be explored.

In model based methods, in the first step the primary photon energy fluence is needed. The dose calculation is started by Total Energy Released per unit MAss (TERMA). TERMA at a given position (r) over all components of energy spectrum is given by:

𝑇(𝑟) = ∫ 𝐸 𝜇 𝜌 (𝑟, 𝐸)Ψ 𝐸 (𝑟)𝑑𝐸 (1.8)
Where the local density 𝜌 is derived from CT number value, Ψ 𝐸 is the energy differential fluence and 𝜇 𝜌 is the mass attenuation coefficient at position r. Then the transport of this energy via secondary electrons and photons is accounted using dose kernels. At the end the dose is calculated using following convolution:

𝐷(𝑟) = ∫ 𝐸 ∫ 𝑉 𝑇 𝐸 (𝑠)ℎ(𝑟 -𝑠, 𝐸)𝑑𝑠𝑑𝐸 (1.9)
Where h(s,E) is the "dose spread kernel" (DSK). The DSK describes the transport of secondary particles. Hence, in superposition/convolution based algorithms, two components of TERMA and dose kernels are combined to achieve an accurate dose calculation of absorbed dose. Kernels can be produced by Monte Carlo calculations, analytic calculations or standard measurements like output factors and tissue phantom ratio. For heterogeneous medium, the condition of invariant translation is not valid anymore and a superposition integral is needed:

𝐷(𝑟) = 1 𝜌(𝑟) ∫ 𝐸 ∫ 𝑉 𝑇 𝐸 (𝑠)𝜌(𝑠)𝑘(𝑟, 𝑠, 𝐸)𝑑𝑠𝑑𝐸 (1.10)
Where k(r,s,E) is the normalized energy deposited by secondary particles. Superposition is the most general approach which generates dose delivered at a point superposing the weighted dose contribution from all dose kernels originating from all primary interaction points.

𝐷( - → r ) = ∫ 𝑑𝐸 ′ ∫ 𝑑 3 𝑟 ′ 𝑇( - → r ′ , 𝐸 ′ )𝑘( - → r , - → r ′ , 𝐸 ′ ) (1.11)
With the assumption of invariant kernel shape, the superposition is reduced to convolution and as a consequence the calculation time reduces.

In fact, kernel is only the function of the distance between the interaction point -→ r ′ and the coordinate -→ r where the dose is measured:

𝐷( - → r ) = ∫ 𝑑𝐸 ′ ∫ 𝑑 3 𝑟 ′ 𝑇( - → r ′ , 𝐸 ′ )𝑘(| - → r - - → r ′ |, 𝐸 ′ ) (1.12)
In presence of inhomogeneities, TERMA and energy distribution around primary interaction are influenced.

In dose calculation methods two categories of errors are identified:

1. Systemic errors: They are responsible for deviations from the reference dose calculation. It is caused by application of different dose calculation algorithms for a given fluence matrix. 2. Convergence errors: It is the influence of dose algorithms in optimization. It is caused by application of two different fluence matrix [START_REF] Oelkfe | Dose Calculation Algorithms[END_REF].

Based on the aforementioned explanations, a commercial fast convolution method based on empirical measured dose kernels and dose scaling methods for heterogeneities, are not suitable for MRT energy range [START_REF] Bartzsch | A new concept of pencil beam dose calculation for 40-200 keV photons using analytical dose kernels[END_REF]. At energies around 100 keV, the dependence of cross-section to the atomic number increases. As a consequence, dose scaling based on electron density approach in heteregeneities is not valid anymore. Thus, there are three possibilities for dose calculation methods in MRT:

1. Convolution/superposition methods with adapted kernels to MRT, 2. Monte Carlo methods, 3. Hybrid methods.

Convolution based methods

Model based convolution/superposition methods are accepted as standard methods in clinical trials for MV energy range. However, it is desirable to extend their applications to kilovoltage energy range [START_REF] Pawlowski | Development of a new model-based radiation dose calculation algorithm for kilovoltage energy X-rays[END_REF].

Because by increasing the use of image-guided radiotherapy and also brachytherapy, the absorbed dose from orthovoltage sources became an important subject [START_REF] Ding | A correction-based dose calculation algorithm for kilovoltage x rays: A correction-based dose calculation algorithm[END_REF]. These kind of algorithms can also be used for MRT dose calculation.

If photon interaction occurs at (𝑥 0 , 𝑦 0 , 𝑧 0 ) in the irradiation field, a point kernel 𝑘 (𝑥 0 ,𝑦 0 ,𝑧 0 ) (𝑥, 𝑦, 𝑧) describes the energy distribution around this interaction point. Within orthovoltage energy spectrum, the dose scaling method (known as O'Connor's theorem) is not applicable because of the higher importance of photoelectric effect and multiple scattering. Hence, the main idea is to separate electrons from photons due to their difference in range. Both photon and electron scattering kernels are described analytically. Electron absorption is described using Bethe's equation. For non-relativistic energies the equation can be approximated by following equation:

𝑆 = 𝐾𝐸 -𝑝 (1.13)
Both 𝐾 and 𝑝 can be derived from electron's stopping power data tables.

In order to calculate electron kernels additional assumptions are needed: it is considered that electrons are emitted isotropically and they have a straight path line, the Bremsstrahlung is neglected, the maximum range of electron is assumed limited (e.g. 200-300 𝜇m), and within this range the material is considered as homogeneous.

Photon kernels are calculated depending on scattering order. The first interaction of a photon with material can be photoelectric or Compton. In the case of Compton, the scattered photon can interact again via these two modalities. The higher scatter order spreads more energy in space. Thus, the dose decreases with increasing order. In this method, the fraction of photon which undergoes Compton scattering ( 𝑞 𝑖 ) is described as:

𝑞 𝑖 = 𝜇 𝐶 (𝐸 𝑖 ) 𝜇 𝐶 (𝐸 𝑖 ) + 𝜇 𝑝 ℎ (𝐸 𝑖 ) (1.14)
Where 𝜇 𝐶 and 𝜇 𝑝 ℎ are the energy and material dependent Compton scattering and photoelectric absorption coefficients, respectively. If the 𝑝 𝑖 (𝐸) describes the averaged energy transferred to an electron, the absorbed energy in 𝑛 𝑡 ℎ order is calculated using:

𝑂 𝑛 = (𝑞 𝑛 𝑝 𝑛 + 1 -𝑞 𝑛 ) 𝑛-1 𝑖=0 (𝑞 𝑖 (1 -𝑝 𝑖 )) (1.15)
The final kernel is obtained by adding up the contribution of all scattering orders. These kernels are pre-calculated for different materials and energies and dose calculation will be done by convolution of these kernels with the quantity of energy released in the matter or TERMA ( 𝑇 𝐸 ):

𝑇 𝐸 (𝑥, 𝑦, 𝑧) = 𝜇(𝐸, 𝑥, 𝑦, 𝑧)𝑒 - ∫ 𝑥 𝑥 ′ =0 𝜇(𝐸,𝑥 ′ ,𝑦,𝑧)𝑑𝑥 ′ (1.16) 𝐷 𝐸,𝑀 ( - → r ) = (𝐾 𝐸,𝑀 ( - → r ) * 𝑇 𝐸,𝑀 ) (1.17) 𝐷 𝑠𝑐𝑎𝑡𝑡𝑒𝑟𝑒 𝑑 = 𝐸 𝑀 𝐷 𝐸,𝑀 (1.18) 
where 𝐾 𝐸,𝑀 (𝑟) is the kernel for a given energy and material at point r.

For broad beam the total dose is obtained simply by 𝐷 𝑠𝑐𝑎𝑡𝑡𝑒𝑟𝑒𝑑 + 𝐷 𝑝𝑟𝑖𝑚𝑎𝑟 𝑦 and primary dose is product of 𝑇 𝐸 and first energy absorption order. The exponential component of equation 1.16 depends on radiological distance which is an integration on beam path. This integration is the reason of entering the hypothesis of local homogeneity in calculation [START_REF] Bartzsch | Microbeam Radiation Therapy -physical and biological aspects of a new cancer therapy and development of a treatment planning system[END_REF].

For MRT, peak doses are obtained exclusively by primary dose (𝐷 𝑝𝑟𝑖𝑚𝑎𝑟 𝑦 ) whilst the valley doses have two components: the scattered dose 𝐷 𝑠𝑐𝑎𝑡𝑡𝑒𝑟𝑒𝑑 and contribution of scattered electrons from peak doses to valleys. This contribution is calculated by convolving the electron's kernel with the photon fluence pattern 𝐹(𝑦). Since doses parallel to microbeams are assumed homogeneous, the dose variations are observable only in 𝑦 direction and consequently electron kernels are calculated as:

𝐾 𝑒 -(𝑦) = 𝐶 𝜎 𝐼 𝛼 (1 - 𝑦 𝜎 ) (1.19) 𝐼 𝛼 (𝑞) = ∫ 𝑞 0 𝑟 𝛼 1 -𝑟 𝑑𝑟 (1.20)
In these equations 𝜎 represents the electron range and 𝛼 describes the energy loss of electrons as they traverse a medium. Thus, both 𝜎 and 𝛼 are dependent to material and C is the integration's constant. Considering the photon fluence 𝐹(𝑦) as zero in valleys and constant in peaks, dose in valley regions is calculated as:

𝐷(𝑦) = 𝐷 𝑠𝑐𝑎𝑡𝑡𝑒𝑟𝑒𝑑 + 𝐷 𝑝𝑟𝑖𝑚𝑎𝑟 𝑦 .(𝐾 𝑒 - * 𝐹)(𝑦) (1.21)
At this step the leakage radiation from multislit collimator could be added to scattered dose.

So briefly in this method, the energy transport is considered as a sequence of Compton and the photon energy decreases with increasing the scattering order and at the end this process is finished by a photoelectric absorption. At each interaction point, energy absorption will be local since created electrons have a very limited range in tissue. As Continuous Slow Down Approximation (CSDA) range of an electron of 150 keV is around 150 𝜇m, we can consider that the energy is deposited within the CT voxel. Also one can say that peak doses arise from primary photons and valley doses arise from scattered photons. Thus, PVDR is actually the ratio of primary dose over the scattered dose.

The main disadvantage of this analytical method are ▶ The hypothesis of locally homogeneous materials which does not permit to consider precisely the interfaces (see Figure 1.21). ▶ Because of complicated handling of multiple scattering, this method is less precise in valley areas. ▶ This method fails to take into account the source size and shape. So it is not capable to consider beam divergence along the distance from the synchrotron source to the patient position. A study conducted by Nettelbeck et al. showed that by taking into account the beam divergence, we will have up to 26% larger penumbras and also by simulation synchrotron source as a distributed source rather than a point source, we will have 30% increase in penumbra dose [START_REF] Bartzsch | Microbeam Radiation Therapy -physical and biological aspects of a new cancer therapy and development of a treatment planning system[END_REF]. ▶ This algorithm is blind to any geometrical and scattering effect arising form the radiation transport through beam line [START_REF] Martínez-Rovira | Monte Carlo dose enhancement studies in microbeam radiation therapy[END_REF]. ▶ Also this algorithm is based on Klein-Nishina [START_REF] Bartzsch | A new concept of pencil beam dose calculation for 40-200 keV photons using analytical dose kernels[END_REF], thus Compton will be affected on free electron while electrons are not free and they need at least the binding energy to leave the atom. So this model suffers from inaccuracies in first scattering order. In low energies (E<30 keV) the cross section does not follow Klein Nishina and Doppler broadening and the bound state of the electrons becomes important (Figure 1.22). ▶ As this method uses approximate scaling rules based on Equivalent Path-Length (EPL) method to correct the effect of inhomogeneities, it suffers from inaccuracies in small heterogeneities [START_REF] Lin | Monte Carlo study of the influence of energy spectra, mesh size, high Z element on dose and PVDR based on 1-D and 3-D heterogeneous mouse head phantom for Microbeam Radiation Therapy[END_REF]. ▶ This algorithm is not able to consider the photon polarization.

According to De Felici et al., the consideration of polarization changes the relative doses about 3±3% and 10±10% at the center and at the edge of field, respectively [START_REF] Felici | Dose distribution from x-ray microbeam arrays applied to radiation therapy: An EGS4 Monte Carlo study[END_REF]. Observing the literature, the distortions caused by photon polarization are beyond that level to be neglected and it should be taken into account for MRT treatment planning [START_REF] Bartzsch | Microbeam Radiation Therapy -physical and biological aspects of a new cancer therapy and development of a treatment planning system[END_REF]. Polarization of photons has an appreciable effect on Rayleigh and Compton scattering. In Photoelectric absorption, the incident photon is fully absorbed, although its polarization may affect the angular distributions of the generated electrons. ▶ Convolution based method is based on the simplification of ideal collimator. The ideal collimator does not exist, and there is always the leakage and scattering at this level. Neglecting the collimator leakage might cause an underestimation of valley dose. ▶ This method is blind to the roll-off effect of synchrotron x-ray beam, whilst in reality the photon flux is higher in the center of field.

Monte Carlo methods

Monte Carlo (MC) calculation methods are the gold standard for validation of other dose calculation methods [START_REF] De | Dose Calculation Algorithms for External Radiation Therapy: An Overview for Practitioners[END_REF]. The first MC calculation was done using a desk calculator in 1954 by Hayward and Hubbell [START_REF] Salvat | A Code System for Monte Carlo Simulation of Electron and Photon Transport[END_REF]. First MC calculation for MRT goes back to 1992 [START_REF] Bräuer-Krisch | Medical physics aspects of the synchrotron radiation therapies: Microbeam radiation therapy (MRT) and synchrotron stereotactic radiotherapy (SSRT)[END_REF]. So far Monte Carlo is the only option which reproduces precisely the propagation of scattered orthovoltage photons on a heterogeneous medium [START_REF] Donzelli | Improving dose calculation and treatment planning techniques for microbeam radiation therapy with computational methods[END_REF]. In contrast to model based algorithms, MC methods are tied to stochastic description of particles-medium interactions.

MC methods are based on the repetition of random sampling to estimate an expectation on the value of interest by averaging the results for all histories. By increasing the number of histories, this estimation gets more precise. In order to have an acceptable statistics, a large number of history is needed. Hence, depending on the needed precision and resolution, the calculation time increases or decreases.

Practical simulation of radiation transport in material systems consists of two different kind of operation [START_REF] Salvat | A Code System for Monte Carlo Simulation of Electron and Photon Transport[END_REF]:

1. Physical operations: determination of path length to the next interaction, random sampling of different interactions. 2. Geometrical operation: space displacement and interface crossing.

An important factor on the quality and time efficiency of MC methods is steps or segmentation. The path of particle is divided to steps given by mean free path of particle. In each step, a random number generator select the occurring interaction. The deposited energy and produced secondary particles in this step is recorded and then secondary particles are tracked up to cut-off energy set by user. Particles reached to cut-off energy, are locally absorbed. A factor which affects the calculation speed is the cut-off energy. These cuts depends on the resolution of interest. So this quality defines the minimum energy that a secondary particle must have in order to be created. Setting the cut-off energies to small values (near zero) results in detailed time consuming simulations. One of the methods to accelerate MC simulations is the use of condensed history where a large number of quasi-elastic collisions are summarised in one calculation step. As a consequence, the exact path of particles cannot be reconstructed. This method is recommended for large scale materials.

Several MC codes for different usages have been developed. The MC codes frequently used in medical physics are: BEAM, Geant4/Gate, EGS, PENELOPE and XVMC [START_REF] De | Dose Calculation Algorithms for External Radiation Therapy: An Overview for Practitioners[END_REF]. Thanks to high performance and versatility, many researchers in radiotherapy prefer to use Geant4. Geant4 exclusively uses the condensed history approach to simulate charged particles (except for Geant4-DNA). This approach increases the calculation speed, but this may lead to less accurate results for dose deposition in small spatial scale [START_REF] Donzelli | Improving dose calculation and treatment planning techniques for microbeam radiation therapy with computational methods[END_REF]. So for dose calculation in micrometric resolution (which is the case of MRT), Geant4 might not be the best choice. Furthermore, an interesting study conducted by Spiga et al. showed that low energy standard physics lists of Geant4 suffer from dose underestimation in low dose areas (e.g. valley areas) [START_REF] Spiga | Microdosimetry for Microbeam Radiation Therapy (MRT): theoretical calculations using the Monte Carlo toolkit[END_REF]. Hence, for MRT usages, physics lists of Geant4 are practically limited to PENELOPE and Livermore.

Different research studies on the use of MC codes in MRT will be explained in details in chapter 2. The MC simulation in MRT generally have two objectives: (i) Simulation of beamline components and comparison of Monte Carlo generated x-ray spectrum against a validated analytical model (ii) Comparison of simulated broad beam and microbeam simulated dose distribution to adequate experimental dosimetry. In dosimetry part (ii), MC dose calculation for MRT is specially time consuming as the valley doses are produced by scattered photons for which the number of events are significantly lower than on the path of primary photons. The combination of spatial fractionation and micrometric voxels leads to calculation times generally non-compatible with clinical usages.

A solution to increase the calculation speed is the use of variance reduction methods. They are designed to reduce statistical uncertainty without increasing the calculation time. The variance reduction methods must be implemented correctly and be validated, otherwise they might introduce a bias in results. Another way to speed-up simulations is geometrical simplifications. For example simulation of a static MRT field instead of considering the vertical scanning, based on calculations of Prezado et al. [START_REF] Prezado | Dosimetry protocol for the forthcoming clinical trials in synchrotron stereotactic radiation therapy (SSRT): Dosimetry protocol for the clinical trials in SSRT[END_REF], can speed-up the simulations by a factor of 2 [START_REF] Dimitri | Accurate dosimetry for microbeam radiation therapy[END_REF]. The paralellization is also introduced as an accelerating method, in which each parallel processor will consider the same set of input parameters, such as the irradiation geometry, materials, the initial spectrum and generates its own trajectories. At the end, the root processor gathers the results from each processor to generate the final result. The processors do not communicate with each other during the calculation. In parallelization the seed value term is used. The same seed value results in the exactly the same dose distribution. Hence, for different threads, different sets of seeds must be used.

With the progress of Graphics Processor Units (GPU) technology in several last years, the use of GPU for MC calculation has been the subject of studies. Using programmable GPUs, the simulations which need a cluster of CPUs, are feasible in a local supercomputing facility [START_REF] Bakhtiari | Applying graphics processor units to Monte Carlo dose calculation in radiation therapy[END_REF].

Alternative solution: The small voxels and small beam sizes, make Monte Carlo simulations inefficient in the point of view of the calculation time. The simulation of photon scattered dose in macroscopic scale is more rapid than MC calculation in micrometric scale and more accurate than convolution based methods. This is where the combination of MC and convolution based methods is considered as a time efficient and accurate solution.

Hybrid dose algorithm

The idea of hybrid calculation technique was first presented by S. Bartzsch [START_REF] Bartzsch | Microbeam Radiation Therapy -physical and biological aspects of a new cancer therapy and development of a treatment planning system[END_REF] and the first prototype of this calculation engine was developed by Donzelli et al. [START_REF] Donzelli | Improving dose calculation and treatment planning techniques for microbeam radiation therapy with computational methods[END_REF]. This algorithm uses MC code for simulating the transport of photons. The secondary electrons are killed in MC stage to speed-up the calculations. Also using CT voxel size as the scoring grid instead of a micrometric grid, calculation time is drastically reduced. Afterward the electron transport are taken into account by kernel convolution technique. These kernels are constructed according to the synchrotron photon spectrum obtained using XOP (Software developed at ESRF in order to obtain the synchrotron spectrum based on elements in hutch) and the local material composition and density. This hybrid approach consists of following steps:

1. It begins by Monte Carlo simulation of photon transport without considering the fractionation properties. Thus, it determines an average energy transfer of primary photons coming from the homogeneous intensity irradiation source to each voxel of target. At each interaction point, the photon's energy loss in the form of primary or scattered dose is scored in the voxels. The primary dose consists of all energy transferred in the first scattering event of photon. The scattered dose consists of energy transfer from primary photons having undergone at least one scattering event.

This scattering dose map is the main contribution of the later calculation of valley dose. All electrons are killed at this stage. 2. The fluence distribution of primary photons is produced as an array of microbeams. By convolution of this array with electron dose kernel, the relative dose distribution of the dose deposited in primary scattering events is obtained in each macroscopic voxel. 3. The scattered photons distribute their deposited dose homogeneously inside the voxels. 4. The final dose distribution is obtained by summing scattered dose and dose from primary scattering event. 5. Because of separation of primary and scattering interaction, the final results is given in separated peak (primary events) and valley (scattering events) dose maps.

This approach is based on perfect irradiation source and collimator.

According to this assumption, beam divergence, transmission, scattering and reflection through multislit collimators are neglected. Also since electrons doses are not produced by MC, struggling of electrons at the end of their path is neglected.

Donzelli et al. estimate from simulations that the direct generation of microbeam array, without considering multislit collimators and neglecting the scatter and leakage radiation can increase the valley dose by 10%. However, the experimental measurements of valley doses are not in accordance with calculated values by hybrid method (even with consideration of the 10% underestimation caused by perfect collimator assumption) [START_REF] Ocadiz | Film dosimetry studies for patient specific quality assurance in microbeam radiation therapy[END_REF].

Hybrid method is remarkably fast. But it is limited to macroscopic presentation of dose in the form of separated peak and valley dose maps.

Hence, the microscopic information on dose distribution pattern is lost (see Figure 1.23).

A complete comparison of the different dose calculation engines in MRT is presented in the chapter 2.

Beam and patient positioning

To increase the accuracy of treatment delivery, the use of image guided MRT was introduced. Image guidance in MRT is done via fiducial lead or titanium markers (usually with diameter of 1.7 mm). These high atomic number elements create a sufficient contrast on x-ray images.

For this procedure, a set of markers is placed on the thermo-formable mask during CT-scan (see Figure 1.24). Afterward, the markers are contoured during treatment planning, in order to extract their exact position. At the ID17, prior to treatment, patient is vertically scanned with synchrotron x-ray to obtain an image with markers. By comparison of marker positions in x-ray image and their extracted position from TPS, the same positioning as CT-scan is reproduced during treatment [START_REF] Donzelli | Conformal image-guided microbeam radiation therapy at the ESRF biomedical beamline ID17[END_REF].

Because of sensibility of implemented method, it is necessary to use the markers and detectors compatible with the characteristics of MRT.

Dosimetry and biological effects

In the context of MRT, the dose is delivered in micrometric scale which is comparable with the cell size. So we have to deal with an interface between micro and macro dosimetry. To relate the biological effects and physical dose distribution the Theory of Dual Radiation Action (TDRA) might be helpful. The link between microdosimetry and radiobiology for the first time was introduced by Kellerer and Rossi based on the TDRA [START_REF] Kellerer | A Generalized Formulation of Dual Radiation Action[END_REF]. The assumptions of this theory consist of:

1. Ionizing radiation produces sub-lesions within cell and the number of these sub-lesions are directly proportional to deposited energy by radiation, 2. The combination of two sub-lesion produces a lesion, 3. Each lesion has a fixed probability to lead to a biological effect.

In microdosimetry and nanodosimetry single energy deposition events are collected. So the outcome must be linked to a biological model. Thus using a suitable biological model, it is possible to convert the dose which is a physical quantity to actual in-vitro or in-vivo biological effect [START_REF] James | Developments in Microdosimetry and Nanodosimetry for Space and Therapeutic Applications[END_REF]. The endpoint of these models are different and depends on user's needs, but the most relevant quantity to radiotherapy is cell survival.

Microbeam radiation therapy, advantages and challenges

The micro-dosimetry for MRT is beyond the scope of this PhD thesis. However, one of the objectives is to correlate macroscopic dosimetry in microcopic scale and biological response.

MRT adapted dosimetric metrics

The clinical transfer of MRT needs precise dosimetric metrics. These metrics which correlate the physical dose to biological effects will be used for prescribing the inhomogeneous dose. The physical peak and valley absorbed dose or PVDR do not reflect the real biological effect. The well-known radiobiologic metrics such as Linear-Quadratic (LQ) and Biologically Effective Dose (BED) are blind to fractionation effects as they were originally developed for homogeneous irradiation [START_REF] Schültke | Microbeam radiation therapy -grid therapy and beyond: a clinical perspective[END_REF]. Many researches are oriented to compare spatially fractionated and homogeneous radiation [START_REF] Eling | Unexpected Benefits of Multiport Synchrotron Microbeam Radiation Therapy for Brain Tumors[END_REF] in order to use these well-known metrics. In the absence of dosimetric metrics specific to MRT, usually valley doses and PVDR are used to evaluate a treatment [START_REF] Fernandez-Palomo | Should Peak Dose Be Used to Prescribe Spatially Fractionated Radiation Therapy?-A Review of Preclinical Studies[END_REF]. The tolerance of normal tissue increases by decreasing the valley dose and increasing the PVDR. However, PVDR suffers from some limitations. For example PVDR only gives us an idea about global maximum and minimum doses and it is blind to influence of microbeam shape which is dependent to geometry and photon energy. It is also a relative metric which does not give an idea about absolute dose, whilst the same PVDRs at different dose levels, gives different biological results. It is deductible that high PVDR may not necessarily leads to high normal tissue sparing when peaks and valley doses both are high enough. To overcome the limitations of PVDR, Andersion et al. proposed to use Peak to Mean Valley Dose Ratio (PMVDR) [START_REF] Anderson | Evaluation of dose-volume metrics for microbeam radiation therapy dose distributions in head phantoms of various sizes using Monte Carlo simulations[END_REF]. PMVDR takes into account the dose in the valley closer to the edges of microbeam (Figure 1. [START_REF] Martínez-Rovira | Monte Carlo and experimental small-field dosimetry applied to spatially fractionated synchrotron radiotherapy techniques[END_REF]. Looking only at the absolute minimum dose in valley region may cause the underestimation of potential biological effects. Because neighboring cells in valley close to peaks will receive a higher dose and thus the tolerance of normal tissue may be overestimated. This averaging can take into account the biological effects of these variations. PMVDR has almost the same behaviour as PVDR, although because of averaging effect, it changes less rapidly compared to PVDR.

𝑃𝑀𝑉 𝐷𝑅 = 1 𝑁 𝑖,𝑝𝑒 𝑎 𝑘 𝑖,𝑝𝑒 𝑎𝑘 𝐷 𝑖,𝑝𝑒 𝑎𝑘 1 𝑁 𝑖,𝑣𝑎𝑙𝑙𝑒 𝑦 𝑖,𝑣𝑎𝑙𝑙𝑒 𝑦 𝐷 𝑖,𝑣𝑎𝑙𝑙𝑒 𝑦 (1.22)
Another metric which can be implemented for MRT is the mean dose in different tissues. This mean dose can be compared to conventional Equivalent Uniform Dose (EUD) [START_REF] Anderson | Evaluation of dose-volume metrics for microbeam radiation therapy dose distributions in head phantoms of various sizes using Monte Carlo simulations[END_REF]. Considering the dependence of sparing effect to valley dose [START_REF] Dilmanian | Response of rat intracranial 9L gliosarcoma to microbeam radiation therapy[END_REF][START_REF] Fernandez-Palomo | Should Peak Dose Be Used to Prescribe Spatially Fractionated Radiation Therapy?-A Review of Preclinical Studies[END_REF], Martínez-Rovira et al. proposed to convert valley doses into Normalized Total Dose with temporal fractionation of 2 Gray (NTD 2 ) according to the following equation [START_REF] Martínez-Rovira | Monte Carlo dosimetry for forthcoming clinical trials in x-ray microbeam radiation therapy[END_REF]:

𝑁𝑇𝐷 2 = 𝑛.𝑑.(1 + 𝑑 𝛼/𝛽 ) + (1 + 2𝐺𝑦 𝛼/𝛽 ) -1 (1.23)
Where n is the number of radiotherapy session, d absorbed dose and 𝛼 𝛽 is a ratio related to biological response. NTD 2 shows if the valley dose is Ratio is the ratio between the mean doses in the peak region and in the valley region (inspired by [START_REF] Anderson | Evaluation of dose-volume metrics for microbeam radiation therapy dose distributions in head phantoms of various sizes using Monte Carlo simulations[END_REF]).

under the tolerance level for well-established conventional radiotherapy limits.

Another indicator could be Uncomplicated Tumor Control Probability (UTCP). According to authors [START_REF] Chaikh | Impact of dose calculation models on radiotherapy outcomes and quality adjusted life years for lung cancer treatment: do we need to measure radiotherapy outcomes to tune the radiobiological parameters of a normal tissue complication probability model?[END_REF], UTCP is a score and it is easier to be implemented in treatment planning systems and be used to compare treatment plans.

𝑈𝑇𝐶𝑃 = 𝑇𝐶𝑃.(1 -𝑁𝑇𝐶𝑃) (1.24)
The UTCP indicates the probability of controlling a tumor without causing severe damages in normal tissue. The dose-volume histograms (DVH) could be used to evaluate treatment plans. Thanks to DVH is it possible to predict TCP and NTCP. In general DVH is the basis of any advance model of prediction. The differential and cumulative DVH are the subject of interest of this work.

PhD objectives

Currently the MRT dose calculation in preclinical trials at the ESRF and Australian synchrotron is performed using hybrid method. With the perspective of clinical transfer of MRT within the coming years, an adequate dose calculation engine is required to understand its underlying radiobiological mechanisms. The requirements for MRT dose calculation are: precision, time efficiency, high resolution and versatility. The hybrid algorithm, is capable to perform fast calculations at the expense of spatial resolution.

This PhD thesis aims at developing a high resolution full MC dose calculation engine. As the hybrid method and the newly developed algorithm use different physical models, it could also be used as a double verification for calculated doses. Indeed, this engine should be multi-scale because in one hand, to correlate the radiobiological effects to physical absorbed dose coming from microbeams, the dose calculation resolution must be high enough. On the other hand, micrometric dose scoring on the human or large animal patients is practically not possible as it 1 Microbeam radiation therapy, advantages and challenges is time consuming and it overloads the memory capacities. Using this approach, tissues directly situated in microbeam passage are covered by micrometric dose scoring grids and the rest of geometry is covered by milimetric or centimetric dose grids.

A general purpose main program in PENELOPE package (penmain) is modified to create a main program dedicated to MRT dose calculation. This main program is called penMRT. PenMRT is capable to take into account the CT-scan of patient and offer a multi-scale dose scoring grids. This code is parallelized and microbeam production is simplified to increase the calculation speed. The technical details on penMRT and different performance tests are explained in the chapter 2.

In the chapter 3, penMRT is used to calculate the absorbed dose in animal patients (rodent and canine patients) in the preclinical phase. Based on high resolution calculated doses, high resolution DVHs are extracted. These DVHs alongside with in-vivo experiences can be used to determine toxicity and efficiency thresholds. These metrics will be implemented in TPS to be used for prescribing the dose and evaluating the treatment plans. Dose maps calculated by penMRT are compared to those from hybrid method.

Same as for the dose calculation, the experimental dosimetry in MRT is a challenging subject. In this PhD thesis, Gafchromic films are used to explore this challenging aspect. Different types of films (EBT-3, EBT-XD and MD-V3) with different dynamic ranges are tested. The already existing film analyzing methods are improved [START_REF] Ocadiz | Film dosimetry studies for patient specific quality assurance in microbeam radiation therapy[END_REF]. The calculated doses by pen-MRT and hybrid methods are compared to measured doses. Gafchromic films are currently used for patient's specific quality assurance procedure in MRT. However, it is a time consuming method as it is implying the irradiation and analyzing many calibration films to cover the dynamic range. Thus, the use of a trained neural network has been studied in order to establish the whole calibration curve based on the texture of non-irradiated film. The experimental dosimetry and related technical aspects are described in the chapter 4.

In general terms, this PhD thesis aims at facilitating the clinical transfer of MRT by:

▶ developing a reliable multi-scale dose calculation method, ▶ extracting the dosimetric metrics for a safe dose prescription, ▶ predicting the potential risks of a treatment, ▶ establishing a fast and reproducible dosimetry method, ▶ suggesting an alternative calculation method for treatment plans optimization, ▶ giving an overview on implementing the penMRT in a TPS. 

The timeline of this study is shown in the

Introduction

After about three decades of preclinical studies, the clinical transfer of microbeam radiation therapy (MRT) in oncology and epilepsy management has started in the frame of large animal studies. One of the key elements for a safe clinical transfer of MRT is an accurate dose calculation engine. In the past decade, numerous studies aimed at validating the dose calculation engines developed for MRT. The majority of these calculation engines are based on Monte Carlo (MC) methods, considering the extremely small beam sizes and the properties of synchrotron x-rays. These studies were conducted using various MC codes, hence with different physical models: INHOM (EGS4) [START_REF] Slatkin | Microbeam radiation therapy[END_REF], PENELOPE [START_REF] Dimitri | Accurate dosimetry for microbeam radiation therapy[END_REF][START_REF] Martínez-Rovira | Monte Carlo dosimetry for forthcoming clinical trials in x-ray microbeam radiation therapy[END_REF][START_REF] Martínez-Rovira | Monte Carlo dose enhancement studies in microbeam radiation therapy[END_REF][START_REF] Martinez-Rovira | Monte Carlo and experimental small-field dosimetry applied to spatially fractionated synchrotron radiotherapy techniques[END_REF][START_REF] Martínez-Rovira | Monte Carlo-based treatment planning system calculation engine for microbeam radiation therapy: MC-based TPS calculation engine for MRT[END_REF][START_REF] Martínez-Rovira | Development and commissioning of a Monte Carlo photon beam model for the forthcoming clinical trials in microbeam radiation therapy: MC photon beam model for MRT clinical trials[END_REF], Geant3 PSI-version [START_REF] Stepanek | Physics study of microbeam radiation therapy with PSI-version of Monte Carlo code GEANT as a new computational tool[END_REF], Geant4 [START_REF] Bartzsch | Influence of polarization and a source model for dose calculation in MRT: Influence of polarization and source model in MRT[END_REF][START_REF] Cornelius | Benchmarking and validation of a Geant4-SHADOW Monte Carlo simulation for dose calculations in microbeam radiation therapy[END_REF][START_REF] Dipuglia | Validation of a Monte Carlo simulation for Microbeam Radiation Therapy on the Imaging and Medical Beamline at the Australian Synchrotron[END_REF][START_REF] Spiga | The GEANT 4toolkit for microdosimetry calculations: Application to microbeam radiation therapy (MRT): Microbeam radiation therapy dosimetry with GEANT4[END_REF], EGS4 [START_REF] Felici | Dose distribution from x-ray microbeam arrays applied to radiation therapy: An EGS4 Monte Carlo study[END_REF][START_REF] Felici | Monte Carlo assessment of peak-to-valley dose ratio for MRT[END_REF][START_REF] Orion | Monte Carlo simulation of dose distributions from a synchrotron-produced microplanar beam array using the EGS4 code system 4[END_REF], EGS5 [START_REF] Hugtenburg | Microdosimetry in X-ray synchrotron based binary radiation therapy[END_REF], MCNPX [START_REF] Hanson | Unidirectional x-ray microbeam radiosurgery of infantile neuraxial malignancies: estimations of tolerable valley doses[END_REF] and EGSnrc [START_REF] De Felici | Monte Carlo code comparison of dose delivery prediction for microbeam radiation therapy[END_REF]. A comparative study by De Felici et al., summarized the effect of different MC codes on in-field and out-offield doses [START_REF] De Felici | Monte Carlo code comparison of dose delivery prediction for microbeam radiation therapy[END_REF]: in field doses were found similar amongst all the codes that have been investigated, whereas Geant4 gave significantly different out of field dose values. The first attempt to create a MRT treatment planning system (TPS) being able to use an adequate dose calculation engine on dosimetry Computed Tomography (CT) data was performed by Martínez-Rovira et al. [START_REF] Martínez-Rovira | Monte Carlo-based treatment planning system calculation engine for microbeam radiation therapy: MC-based TPS calculation engine for MRT[END_REF], at the European Synchrotron Radiation Facility (ESRF) medical beamline (ID17). This full MC dose calculation algorithm based on PENELOPE/pe-nEasy was modelling the whole ESRF medical beamline components. However, it could only be used for unidirectional treatment and nonconformal irradiation fields. The implementation of this method in a full TPS has been proposed with the goal of providing 3D MRT treatment plans within calculation times that are compatible with clinical requirements. However, this project has not been completed. Several alternative methods aiming at drastically reducing the dose calculation time were proposed in order to reach a clinically compatible MRT TPS. A kernel based method was developed by Debus et al. [START_REF] Debus | A point kernel algorithm for microbeam radiation therapy[END_REF]. This remarkably fast algorithm is based on analytical pre-calculated kernels for scattered electrons and photons. However, its accuracy is significantly lower at interfaces, valley areas and beam entrances and it is not able to take into account the photon polarization (see complete explanations in section 1.8, p27). Another simple but fast dose calculation algorithm with limited precision was developed by Poole et al. [START_REF] Christopher M Poole | Synchrotron microbeam radiotherapy in a commercially available treatment planning system[END_REF], based on pre-calculated peak to valley doses ratios (PVDRs) and ray-tracing. More recently, an hybrid algorithm has been developed by Donzelli et al. [START_REF] Donzelli | Improving dose calculation and treatment planning techniques for microbeam radiation therapy with computational methods[END_REF][START_REF] Donzelli | Introducing the concept of spiral microbeam radiation therapy (spiralMRT)[END_REF], at the ESRF-ID17. In this hybrid algorithm, the primary and scattered photons energy transfer is calculated using Geant4 MC code. Afterwards, the convolution of pre-calculated electron dose kernels with the MRT fluence pattern creates peak doses. Valley doses are calculated from scattered photon interactions and added to the peak doses. According to the authors, this method is 600 times faster than a radiation therapy full straight forward Monte Carlo method. The cost of this rapidity is being limited to macroscopic rendering of separated peak and valley dose maps (see Figure 2.1). With the perspective of being used in MRT pre-clinical and clinical trials, some of these algorithms were successfully implemented in commercial TPSs. The kernel based method [START_REF] Debus | A point kernel algorithm for microbeam radiation therapy[END_REF] has been coupled to VIRTUOS (A program for VIRTUal radiOtherapy Simulation and verification) [START_REF] Bartzsch | Technical advances in x-ray microbeam radiation therapy[END_REF], the ray tracing method has been included in Eclipse TPS (Varian Medical Systems, Palo Alto, CA) [START_REF] Christopher M Poole | Synchrotron microbeam radiotherapy in a commercially available treatment planning system[END_REF] and recently, the hybrid algorithm is used as a calculation core for MRT in the research version of the Eclipse TPS [START_REF] Day | A commercial treatment planning system with a hybrid dose calculation algorithm for synchrotron radiotherapy trials[END_REF]. A summary of described existing algorithms is given in Table 2.1.

Until now, none of the developed dosimetry tools combine all the requirements for a clinical use in a MRT dedicated TPS: precision, time efficiency and spatial resolution. In particular, as MRT leads to high dose gradients replicated at a micrometric scale inside the irradiation field, it is necessary to provide a precise micrometric dose calculation engine in order to understand the underlying radiobiological mechanisms of MRT, when being used as multi-directional treatments [START_REF] Eling | Unexpected Benefits of Multiport Synchrotron Microbeam Radiation Therapy for Brain Tumors[END_REF]. In this PhD thesis, we developed a full high-resolution MC dose calculation engine based on PENELOPE which is capable of taking into account the 3D conformal MRT fields, to be used as calculation core in a clinical MRT-TPS. This calculation engine aims at being reliable, fast enough to ensure dose calculation in a clinical context. It should also allow the display of high resolution (5µm) dose maps and high resolution dose metrics for MRT. This chapter has been published in Medical physics journal (see Appendix A). The main structure of chapter is the same as article. However, some complementary information has been added to offer a better explanation. 

Materials and methods

Despite of popularity and flexibility of Geant4, it was decided to use PENELOPE MC code to develop our MRT dose calculation engine. First of all, in the context of high doses of MRT, it is necessary to have an independent calculation method for verification of prescribed doses. As hybrid method is based on Geant4, the independence condition pushed us to search a MC code which is able to provide all the MRT requirements. The reasons to choose PENELOPE are explained in the following section.

PENELOPE: PENetration and Energy LOss of Positrons and Electrons

Since MRT deals with electron and photon energy lower than conventional radiotherapy in micrometric scale, the choice of an adequate MC code has a crucial role. The choice of MC code depends on its simulation strategy class and implemented physical model. Among all the available MC codes, based on required characteristics, PENELOPE [START_REF] Salvat | A Code System for Monte Carlo Simulation of Electron and Photon Transport[END_REF] was chosen for this work and upcoming developments. PENELOPE is a wellknown MC code in the medical physics domain [START_REF] Rogers | Fifty years of Monte Carlo simulations for medical physics[END_REF][START_REF] Sempau | A PENELOPE-based system for the automated Monte Carlo simulation of clinacs and voxelized geometries-application to far-from-axis fields[END_REF] for simulating the photons and electrons/positrons transport within a wide energy range from 50 eV to 1 GeV in a large number of materials. The choice of PENELOPE is driven by the fact that PENELOPE uses a mixed simulation strategy, allowing detailed or condensed history calculations for the electrons/positrons transport, based on the compromises that should be made between the calculation time and the level of accuracy. Besides, its random-hinge algorithm provides a detailed description of low energy electron transport which is important for valley dose calculation. Compton Differential Cross-Section (CDCS) is also a critical subject, as it can influence the absorbed dose in narrow passages of radiation (peaks), interfaces, entrance doses [START_REF] Benmakhlouf | Backscatter factors and mass energy-absorption coefficient ratios for diagnostic radiology dosimetry[END_REF] and the absorbed dose due to scattering (valley). In order to calculate CDCS, PENELOPE uses the Relativistic Impulse Approximation (RIA) rather than Klein-Nishina rough approximation or Waller-Hartree formalism [START_REF] Salvat | A Code System for Monte Carlo Simulation of Electron and Photon Transport[END_REF] .This approximation takes into account Doppler broadening and binding effects and it shows a good agreement with experimental data especially at low energies [START_REF] Bartzsch | A new concept of pencil beam dose calculation for 40-200 keV photons using analytical dose kernels[END_REF][START_REF] Xiaoya | On the relativistic impulse approximation for the calculation of Compton scattering cross sections and photon interaction coefficients used in kV dosimetry[END_REF]. Thanks to these features, PENELOPE has been used as a simulation tool for stereotactic radiosurgery [START_REF] Vadim Moskvin | Monte Carlo simulation of the Leksell Gamma Knife®: II. Effects of heterogeneous versus homogeneous media for stereotactic radiosurgery[END_REF] where a high precision is mandatory [START_REF] Sempau | Configuration of the electron transport algorithm of PENELOPE to simulate ion chambers[END_REF]. Furthermore, the efficiency of this code in microdosimetry and nanodosimetry has been proven [START_REF] Bernal | An investigation on the capabilities of the PENELOPE MC code in nanodosimetry: PENELOPE code in nanodosimetry[END_REF][START_REF] Stewart | Microdosimetric properties of ionizing electrons in water: a test of the PENELOPE code system[END_REF].

Based on the aforementioned characteristics and also a precise model for polarized photons in PENELOPE (which is the case of synchrotron produced x-rays), this code can meet all specific requirements for MRT.

In this work we developed a structured general-purpose main Monte Carlo parallelized dose calculation engine for MRT, based on the latest version of PENELOPE ( 2018), but modified for accounting for MRT requirements.

PenMRT: PENELOPE for MRT

PENELOPE MC code is written in Fortran77 language. In order to facilitate the usage, the code package is released with some general-purpose main programs (e.g. penmain, pencyl, penct). Thanks to these main programs, users do not need a Fortran programming unless for specific needs. The MC code for MRT, has to take into account the patient CT scans and offer a high resolution scoring grids. With these two conditions, the already developed main programs are not suitable for MRT dose calculations. So we had to develop our main program.

The main program developed for MRT is called penMRT (PENELOPE for MRT). To develop penMRT, the general-purpose main program (penmain) has been modified for being able to perform dose calculations in adaptive grids that are not linked to the CT scan voxel size, orientation and location. Penmain has also been modified to read voxelized geometries and quadric geometries at the same time (See Figure 2.2). These modifications have been inspired by the work performed by Sempau et al. for penEasy [START_REF] Sempau | A PENELOPE-based system for the automated Monte Carlo simulation of clinacs and voxelized geometries-application to far-from-axis fields[END_REF]. A systematic parallelization using OpenMPI has also been implemented in penMRT. The comparison between block-diagrams of penmain and penMRT, shown on Figure 2.3, highlights the fundamental features of penMRT.

Geometric features of penMRT

PenMRT initializes the geometry and tracks particles in quadric geometries in the same ways as penmain (Figure 2.3 (A)). However, if a voxelized geometry has been declared (based on a keyword "CT" in the initialization file), it activates the particle tracking specific to voxelized geometry (top box, Figure 2.3 (B)). Thus, the voxelized geometry subroutine works alongside with quadric geometry subroutine to handle together voxelized structures and quadric structures in the same simulations without requiring temporary phase space files. The location tracking subroutine (LOCATE) has been modified so that if penMRT detects a particle entering a voxelized geometry, it calls its homologue in voxelized geometry subroutine (CTLOC, bottom box, Figure 2.

3(B)).

In order to allow simulations for beams at various angles, it is required to rotate and translate each primary particle together with the dose calculation grid by using a specific subroutine (PCTSET). When the particles exit the CT structure, these modifications on trajectory and position are reversed by activating another subroutine (PCTUNSET). The advantage of this method is that, there is no longer a need for an external program to rotate the voxelized geometry such as in PenEasy or PenCT [START_REF] Martínez-Rovira | Monte Carlo-based treatment planning system calculation engine for microbeam radiation therapy: MC-based TPS calculation engine for MRT[END_REF][START_REF] Sempau | A PENELOPE-based system for the automated Monte Carlo simulation of clinacs and voxelized geometries-application to far-from-axis fields[END_REF][START_REF] Bueno | Fast Monte Carlo simulation on a voxelized human phantom deformed to a patient: Fast MC simulation on a deformed human phantom[END_REF]. Everything is now controlled in the main script, which reduces the risk of potential errors. The subroutines responsible for determining the position and direction of particles after each event were kept intact. However, the JUMP subroutine is modified to provide a distance to travel in CT structure as well as in quadric geometry.

Radiation source replication in penMRT

In MRT, the radiation source consists of an array of microbeams separated by a desired center-to-center distance. This array is produced by using a so-called multislit collimator (MSC) [START_REF] Bräuer-Krisch | New technology enables high precision multislit collimators for microbeam radiation therapy[END_REF]. Planning in MRT also requires simulations of broad beams as the irradiation parameters are given in a reference non fractionated field. To that respect penMRT is able to account for both source geometries (Figure 2.4). The calculation time could be prohibitively long if the simulation includes the multislit because the amount of particles that are lost is higher than 85% of the primary particles generated from the source. Thus, to have an acceptable uncertainty in dose calculations, without increasing the calculation time, it has been decided to implement a source replication feature in penMRT (Figure 2.4).

To this respect a single microbeam source is modeled to the appropriate width and height. Each primary photon is then allocated to a given microbeam using a lateral translation ensuring random distribution in all the microbeams from the array. This feature is interesting because it can enable the modeling of non-homogeneous intensity profiles (roll off effect) by applying the distribution profile to the random translation. 

Multi-scale adaptive dose grids in penMRT

Covering the whole patient data with a micrometric dose calculation grid demands a huge computational capacity and is not feasible in practice. Besides, a considerable fraction of the geometry receives a negligible dose. A function has been implemented in penMRT that establishes a multi-scale dose calculation grid and, with the possibility for the user to define the resolution of the dose calculation grids according to the area of interest.

Typically, high resolution dose calculation grids are 0.005 × 1 × 1 𝑚𝑚 3 , where the 0.005 mm is perpendicular to the incident beam axis in order to measure peaks, valleys and the transition of peak to valley zones. The medium and low resolution dose calculation grids are 1 × 1 × 1 𝑚𝑚 3 and 10 × 10 × 1 𝑚𝑚 3 , respectively. It is desirable to cover the beam passage with a high resolution grid, and the user is free to choose the grid resolution and location, based on their specific needs. An example of dose calculation grids configurations is shown in Figure 2.5. With this adaptive dose calculation grid, penMRT is able to calculate dose maps at a micrometric and millimetric scale at the same time, to give a macroscopic vision of the entire zone irradiated by microbeam arrays.

PENELOPE simulations parameters for penMRT

In penMRT, the absorption energies (EABS), as well as the cut-off energies for hard inelastic events (WCC) and hard bremsstrahlung events (WCR) have been set to 10 keV for electrons and 1 keV for the photons [START_REF] Salvat | A Code System for Monte Carlo Simulation of Electron and Photon Transport[END_REF]. This ensures a mean free path of photons (2.51 𝜇m in water at 1 keV) and a range of secondary electrons (2.45 𝜇m in water at 10 keV) significantly smaller than the size of the dose calculation grids. Another important parameter which has an impact on charged particles transport is the maximum average angular deflection in multiple-scattering (C1) and the maximum average fractional energy loss along the step (C2) which are at the basis of the mixed approach of PENELOPE. The minimum value of C1 and C2 (C1=C2=0) results in a detailed time consuming simulation and on the contrary, the maximum values of C1 and C2 (C1=C2=0.2) accelerates simulations to the cost of a reduced precision in small dose grids [START_REF] Salvat | A Code System for Monte Carlo Simulation of Electron and Photon Transport[END_REF][START_REF] Sempau | Configuration of the electron transport algorithm of PENELOPE to simulate ion chambers[END_REF]. A detailed study was done by Martínez-Rovira et al. [START_REF] Martínez-Rovira | Monte Carlo-based treatment planning system calculation engine for microbeam radiation therapy: MC-based TPS calculation engine for MRT[END_REF] to quantify the effect of these parameters on calculation speed and the precision. In our study, three values of C1 and C2 values of 0.01, 0.05 and 0.1 were tested in order to find an optimal value for subsequent use. Synchrotron generated x-rays are linearly polarized in the horizontal plane [START_REF] Martínez-Rovira | Monte Carlo-based treatment planning system calculation engine for microbeam radiation therapy: MC-based TPS calculation engine for MRT[END_REF]. As photon polarization affects the calculated dose away from the beam center [START_REF] Felici | Dose distribution from x-ray microbeam arrays applied to radiation therapy: An EGS4 Monte Carlo study[END_REF], in performance tests, polarization is taken into account by setting the Stoke parameter 𝑃 3 to -1. Stoke parameter 𝑃 3 representing linear polarization and the value -1 meaning maximum polarization in horizontal plane.

Improved computational capacity and parallelization of penMRT

Originally, in PENELOPE, the memory allocation for dose calculation grids is a static allocation. This limits the computational capacity and the dose calculation is confined to a specific number of bins (typically 512 × 512 × 512). We implemented the dynamic allocation in penMRT instead of the static one, by using the Fortran 90 related features. The dose calculation capacity has been significantly increased with the dynamic allocation, allowing a continuous simulation of some hundreds of millions of dose bins and the production of simulation output files which is updated at the user specified time intervals; without memory issues. The memory capacity is a limiting factor. A typical simulation for a 2 × 2 𝑐𝑚 2 MRT field with more than 10 7 micrometric dose scoring bins needs 7 GB of memory per thread. A "Single Program Multiple Data" (SPMD) scheme using OpenMPI [START_REF] R B Cruise | PARALLELIZATION OF THE PENELOPE MONTE CARLO PARTICLE TRANSPORT SIMULATION PACKAGE[END_REF] has been implemented in penMRT, to be able to run the simulation on a cluster of CPUs, by using various sets of seeds in the random number generator used by PENELOPE, without recycling multiple times the results generated from the same seed and introducing unwanted bias.

Static simulation geometry to increase the calculation speed

It was mentioned in the section 1.4.1 of chapter 1, the beam extension in the synchrotron is 0.8 × 35 𝑚𝑚 2 . With the beam height of 0.8 mm, the target is scanned vertically to cover the region of interest. However, based on Prezado et al. calculations, vertical scanning leads to the same deposited dose as static uniform irradiation [START_REF] Prezado | Dosimetry protocol for the forthcoming clinical trials in synchrotron stereotactic radiation therapy (SSRT): Dosimetry protocol for the clinical trials in SSRT[END_REF]. Thus, to increase the calculation speed in penMRT, vertically uniform and static microbeams are created.

Post-processing in penMRT

A set of post-processing scripts necessary for analyzing the results, has been developed for penMRT using Python 3.9 in order to visualize and analyze the dose maps. In case of multi-directional treatments, each beam is simulated separately (see Figure 2.5(A) and Figure 2.5(B)). The dose summation is performed using a custom made post processing script by rotating each dose map (Figure 2.5(C)) and resampling them into a 0.005 × 0.005 × 1 𝑚𝑚 3 dose bins (Figure 2.5(D)) and summing each incidence to create a unique high resolution dose map. Furthermore, another set of scripts dedicated to dose metrics and planning analysis, allow us to extract peak and valley dose maps separately based on the extraction method described by Ocadiz et al. [START_REF] Ocadiz | Film dosimetry studies for patient specific quality assurance in microbeam radiation therapy[END_REF]. Extracted peak and valley dose maps, could be used for dose prescription and absolute dose calculation and also comparisons with lower resolution peak and valley dose maps as obtained with the hybrid algorithm (see Figure 2.1 and Figure 2.6) [START_REF] Donzelli | Introducing the concept of spiral microbeam radiation therapy (spiralMRT)[END_REF].

The same set of scripts allow us to go beyond the state of the art in dose metrics adapted to MRT. Typically in MRT peak (efficacy) and valley (toxicity) dose values have been studied as well as 1D dose metrics such as dose profiles or percentage depth dose (PDD) curves. The peak to valley dose ratio (PVDR) is also used as a quality indicator which qualifies the microbeam dose distribution with one number [START_REF] Bräuer-Krisch | Effects of pulsed, spatially fractionated, microscopic synchrotron X-ray beams on normal and tumoral brain tissue[END_REF]. By using penMRT and high resolution dose maps, we were able to develop high resolution differential dose-volume histograms (dDVH) and cumulative dose-volume histograms (cDVH) in order to propose dose metrics that provide a clear rendering of the dose distribution complexity in MRT and tools for advanced treatment plan evaluation.

Beamline simulation using penMRT

The whole beamline components from wiggler to phantom was simulated using penMRT and resulting spectrum was compared to the analytical calculated beam spectrum generated by the Oasys software [151] developed at the ESRF. The thicknesses and distances between elements in a configuration which were mentioned in Martínez-Rovira PhD thesis [START_REF] Martínez-Rovira | Monte Carlo and experimental small-field dosimetry applied to spatially fractionated synchrotron radiotherapy techniques[END_REF], was used. The information about material and thickness of each component is given in energy spectrum in order to monitor the energy spectrum evolution. The simulation was fed by energy spectrum at the exit of wiggler. At the end, the obtained spectrum before multislit collimator was compared to the spectrum given by Oasys. This validation confirms that the quadric part of penMRT is kept intact and also allows us to use Oasys generated spectrum to accelerate the simulations. 

Cross-validations and performance tests on penMRT

Benchmarking of penMRT against penmain and Gate

As penMRT has been developed by modifying significantly a structured general purpose main program from PENELOPE, it must be first validated against the already benchmarked reference code penmain. In order to compare to an independent MC code, it has been decided to use Gate (version 8.2) [START_REF] Sarrut | A review of the use and potential of the GATE Monte Carlo simulation code for radiation therapy and dosimetry applications: GATE for dosimetry[END_REF]. Thus, a series of cross validation tests have been performed, based on dose maps, PDDs and dose profiles analysis, in order to validate penMRT. For comparison purposes, apart from the intrinsic differences in source geometry definition between Gate and PENELOPE and the chosen physics list, the same simulation parameters have been used in Gate as in penmain and penMRT. Indeed, in order to take into account the polarization effect, in Gate the "Livermore_polar" physics list has been used.

The spectrum which has been used by Martínez Rovira et al. in 2011 [START_REF] Martínez-Rovira | Development and commissioning of a Monte Carlo photon beam model for the forthcoming clinical trials in microbeam radiation therapy: MC photon beam model for MRT clinical trials[END_REF] has been used for these cross-validations (average energy of 103.8 keV, see Figure 2.4). As the goal of this work is to validate the reliability of penMRT, no variance reduction methods were used. Even if the beam divergence is negligible for synchrotrons x-rays; the small beam divergence has been taken into account in this study by positioning the radiation source 40.5 m away from the center of the phantom [START_REF] Martínez-Rovira | Development and commissioning of a Monte Carlo photon beam model for the forthcoming clinical trials in microbeam radiation therapy: MC photon beam model for MRT clinical trials[END_REF].

Performance tests on penMRT consists in comparing Gate, penmain and penMRT for various combinations of C1=C2 values: The results obtained by penmain, Gate and penMRT are compared by radiation therapy using the relative difference given by:

𝛿 = 𝐷 𝑝𝑒𝑛𝑀𝑅𝑇 -𝐷 𝑟𝑒 𝑓 (𝑝𝑒𝑛𝑚𝑎𝑖𝑛/𝐺𝑎𝑡𝑒) 𝐷 𝑟𝑒 𝑓 (𝑝𝑒𝑛𝑚𝑎𝑖𝑛/𝐺𝑎𝑡𝑒) (2.1)
In which, D is the calculated dose in each dose bin, with the reference values being set to the penmain and Gate results. The 2D dose maps evaluation was carried out by the gamma index test, which is a pass-fail test using an ellipsoid of acceptance. The test is defined as follows [START_REF] Depuydt | A quantitative evaluation of IMRT dose distributions: refinement and clinical assessment of the gamma evaluation[END_REF]:

Γ(𝑟, 𝐷) = Δ𝑟 2 Δ𝑑 2 𝑀 + Δ𝐷 2 Δ𝐷 2 𝑀 ≤ 1 (2.2)
Where Δ𝐷 𝑀 and Δ𝑑 𝑀 are the acceptance criteria for the dose difference and the Distance To Agreement (DTA), respectively. If Γ(𝑟, 𝐷) stands between 0 and 1, the test passes, otherwise it fails. In our study, the dose map calculated by penmain (C1=C2=0.1) is taken as reference.

Performance tests of penMRT

Four distinct performance tests have been performed to study the capacities of penMRT for:

(i) Dose profiles and depth doses curves for the study of monodirectional irradiations:

The abovementioned x-ray spectrum has been used (average energy of 103.8 keV). The simulations were performed using a conservative C1 and C2 value of 0.05. The source is an array of 51 microbeams (50 micrometer wide, 2 cm heigh), covering a 2 × 2 𝑐𝑚 2 field (400 micrometers spacing, center to center). A zone of 3 (X-direction) × 18 (Y-direction) × 3 (Z-direction) 𝑐𝑚 3 is covered with a high resolution dose grid, where X is the horizontal direction perpendicular to the incident beam, Z is the vertical direction and Y is the beam propagation direction. This ensures a high resolution coverage of the whole beam path. The doses were scored in bins of 0.005 (Xdirection) × 1 (Y-direction) × 1 (Z-direction) 𝑚𝑚 3 . 2 × 10 9 primary particles have been simulated on 80 CPUs. In this case, calculation was done in 3.367 × 10 7 micrometric bins, more than 7.5 × 10 5 millimetric bins, and around 1300 centimetric bins, to cover all areas of interest in the simulation universe (water phantom and air around the phantom). The dose maps given by penMRT have also been benchmarked with penmain and Gate. As the simulation of an array of microbeam in the same condition as penMRT was not possible, a single microbeam was simulated in penmain and Gate.

The absorbed doses were scored on a zone of 5 (X-direction) × 6 (Ydirection) × 3 (Z-direction) 𝑐𝑚 3 in the pixels of 0.005 (X-direction) × 1 (Y-direction) × 1 (Z-direction) 𝑚𝑚 3 . The obtained dose map was replicated 51 times with a pitch of 400 µm and summed to simulate the 2 × 2 𝑐𝑚 2 field. (ii) Source replication approach validation:

In order to validate the source replication strategy against a full modeling of the mulitslit collimator, a simulation of the irradiation geometry has been performed with the multislit collimator based on Martínez-Rovira et al. [START_REF] Martínez-Rovira | Development and commissioning of a Monte Carlo photon beam model for the forthcoming clinical trials in microbeam radiation therapy: MC photon beam model for MRT clinical trials[END_REF] calculations and compared to the source replication method in penMRT. The point source has been set at 40.5 m from the sample. The multislit collimator is defined according to Bräuer-Krisch et al. [START_REF] Bräuer-Krisch | New technology enables high precision multislit collimators for microbeam radiation therapy[END_REF] and placed 1 m behind the sample. The simulations were performed using a harder spectrum, which is currently used for preclinical tests at the ESRF-ID17 [START_REF] Martínez-Rovira | Development and commissioning of a Monte Carlo photon beam model for the forthcoming clinical trials in microbeam radiation therapy: MC photon beam model for MRT clinical trials[END_REF][START_REF] Requardt | The Clinical Trials Program at the ESRF Biomedical Beamline ID17: Status and Remaining Steps[END_REF] on large animals (121.7 keV average energy) to be in the worst transmission situation. The following parameters are used C1=C2=0.05, absorption energies of 10 keV and 1 keV for photons and electrons, respectively. The dose calculation grid resolution is set to 0.005 × 1 × 1 𝑚𝑚 3 . A 410 𝜇m center to center pitch for the source replication has been used for this comparison to account for the beam divergence in the simulation with a point source and collimator in place. (iii) Cross-fired irradiation validation:

For benchmarking penMRT against penmain in cross-fired irradiation geometries, a single microbeam of 50 𝜇m × 2 cm in a water phantom of 18 × 18 × 18 𝑐𝑚 3 is simulated with the same spectrum as (ii) and the doses are scored using the grids of 0.005 × 1 × 1 𝑚𝑚 3 on a zone of 5 × 6 × 3 𝑐𝑚 3 . This dose map is then replicated with a pitch of 400 𝜇m to simulate the 2 × 2 𝑐𝑚 2 field. For each incidence angle, the dose maps are resampled (using griddata from the scipy package) to obtain 0.005 × 0.005 × 1 𝑚𝑚 3 dose bins and summed for each incidence. The same process of resampling and summation has been performed on penMRT dose maps. A 1 × 1 × 0.1 𝑐𝑚 3 region of interest (ROI) is chosen at the center of the dose maps for statistical comparison purposes. The similarity of dose distributions is investigated using a statistical Q-Q test (quantilequantile plot) on the differential dose-volume histograms that are calculated on the ROI. The comparisons have been performed for the cross-fired irradiation protocol with two beams at 90 degrees. (iv) Cross-fired irradiations using several microbeam arrays:

The simulations were performed using the same spectrum as (ii) and C1 and C2 were kept to a conservative value of 0.05. A dose calculation grid configuration is chosen in order to study the cross-firing region with a high resolution (Figure 2.5(A)). A zone of 3 (X-direction) × 6 (Y-direction) × 3 (Z-direction) 𝑐𝑚 3 at the center of an 18 × 18 × 18 𝑐𝑚 3 water phantom was covered with the high resolution dose calculation grid of 0.005 (X-direction) × 1 (Y-direction) × 1 (Z-direction) 𝑚𝑚 3 , where X is the horizontal axis perpendicular to the incident beam. The remaining of the geometry was covered by a 1 × 1 × 1 𝑚𝑚 3 dose calculation grid. The phantom was irradiated with a single (at 0°) and three (at 0°, 35°a nd 90°) irradiation beams. This performance test highlights the multiscale capabilities of penMRT as well as its capacity to simulate multi-directional treatments. The different beam incidences were simulated separately using 2 × 10 9 particles on 80 CPUs within more than 1.1 × 10 7 micrometric bins, 6 × 10 6 millimetric bins and 1300 centimetric bins. The summed dose maps are thus obtained and displayed in 0.005 × 0.005 × 1 𝑚𝑚 3 voxels in abovementioned high resolution region, after rotation of each individual dose map. High resolution differential dose-volume histograms (dDVH) are extracted on a 1 × 1 × 1 𝑐𝑚 3 region of interest centered on the treatment isocenter at the center of the phantom. radiation therapy

Results

PenMRT vs Oasys

PenMRT energy spectrum after all the beamline component was compared to the energy spectrum obtained by analytical calculations using Oasys software (Figure 2.8). An average energy of 110.57 keV and 108.06 keV was obtained using penMRT and Oasys, respectively. The relative difference between average energy value with these two independent algorithms is 2.3%. This good agreement validates the use of spectrum generated by Oasys in the following sections. 

PenMRT vs Penmain and Gate cross validation tests

Broad beam irradiation fields

For both, penMRT and penmain, simulation times of around 120, 50 and 36 hours were recorded on the ESRF cluster [START_REF]NICE Description[END_REF] to simulate 10 10 primary showers, for C1 and C2 values of 0.01, 0.05 and 0.1, respectively (by doubling the C1 and C2 parameters, the simulation time decreases by a factor of 3.5). In the case of Gate, the simulation time was about 72 hours. Isodose maps, gamma index maps and dose profiles calculated by penmain, Gate and penMRT in a phantom irradiated by a broad beam of 2 × 2 𝑐𝑚 2 are compared at a depth of 2 cm in water on Figure 2.9. The doses obtained with penmain using C1 and C2 values of 0.01 are taken as a conservative reference value compared to C1, C2 equal to 0.05 and 0.1 as suggested by Salvat et al. [START_REF] Salvat | A Code System for Monte Carlo Simulation of Electron and Photon Transport[END_REF] and Martínez Rovira et al. [START_REF] Martínez-Rovira | Monte Carlo-based treatment planning system calculation engine for microbeam radiation therapy: MC-based TPS calculation engine for MRT[END_REF], respectively. The 2D evaluation (2%, 1mm relative gamma index test, Figure 2.9(A)) shows a gamma index passing rate of 99% within the isodose 20%. The vertical deformation of the 5% isodose in Figure 2.9(A) highlights that the polarization effect has been properly taken into account. In Figure 2.9(B) and (D), the comparison of horizontal and vertical dose profiles between penmain, Gate and penMRT are showing an excellent agreement regardless of the C1 and C2 values. The comparison between the vertical and horizontal dose profiles shows the polarization effects on field edges and out-of-field doses. A maximum polarization of synchrotron radiation therapy generated x-rays in horizontal direction, causes a diminution of the out-of-field dose in the horizontal plane and an increase in the vertical plane. The polarization effect leads to similar results for penmain, Gate and penMRT (Figure 2.9(D)). The relative differences are plotted only for C1 and C2 equal to 0.01,0.1 and Gate, for not overcharging Figure 2.9(C) and (E). Figure 2.9(C) and (E) show that the relative difference is less than ±0.5% inside the irradiation field. The relative differences outside the irradiation field, beyond the 10% isodose, are higher and can reach a maximum of about ±10%, due to the significant increase of the intrinsic statistical uncertainties. A two sigma uncertainty level of 0.9%, 0.9% and 2.3% have been achieved in the beam center, penumbra and out-of-field (1.5 cm from the beam center), respectively. The experimental doses as measured with a pinpoint ionization chamber agree with the doses calculated with penMRT and relative differences between 0.15 to 1.5% are measured for depths ranging from 2 to 10 cm in solid water.

Single microbeam irradiation fields

For cross-validation of penMRT versus penmain and Gate in micrometric scale, simulation times of around 38, 19 and 8 hours were recorded on the ESRF cluster, to simulate 10 10 primary showers, for C1 and C2 values of 0.01, 0.05 and 0.1, respectively. In the case of Gate the simulation time was about 48 hours. Isodose maps, gamma index maps and dose profiles calculated by penmain, Gate and penMRT in a phantom irradiated by a single microbeam of 50 𝜇m × 2 cm are compared at a depth of 2 cm in water on Figure 2.10. The values obtained with penmain using C1 and C2 values of 0.01 are chosen as a conservative reference. A 100% passing rate for a relative gamma index test of 2%/5µm is obtained ( Figure 2.10(A)). The relative difference on the doses calculated by penmain, and penMRT stays lower than 0.1% in the microbeam, and stays below 1% until the 5% isodose ( Figure 2.10(C)) due to the statistical uncertainty increase. A two sigma uncertainty level of 0.2%, 0.3% and 4.8% has been achieved in the microbeam center, penumbra (the distance between 80% to 20% of the peak dose) and out-of-field (175 𝜇m from the microbeam center), respectively. 

Gate and penMRT comparison

Comparisons between Gate and penMRT show good agreement inside the irradiation field (differences lower than 0.1%). This accordance decreases at the field edges which can be explained by the different strategies in source definition in these two separate simulations and by the use of different physical models. The differences in the physics lists can introduce discrepancies between the two simulations (around 10-15% for the broad beam, and around 5% for the single microbeam). These out of field or valley doses are mainly due to scattered photons and electrons transport. This difference in out-of-field doses calculated by PENELOPE and Livermore is also reported in other studies [START_REF] Cornelius | Benchmarking and validation of a Geant4-SHADOW Monte Carlo simulation for dose calculations in microbeam radiation therapy[END_REF].

Percentage depth doses in broad beam and single microbeam fields

The PDD simulated for broad beams and one microbeam, using penmain, Gate and penMRT at various values of C1 and C2 are represented on Figure 2.11. A good agreement between penmain and penMRT is observed for broad beam PDDs (Figure 2.11 (A) and (B)), with a maximum relative difference of ±1.5% in depth below 12.5 cm (which corresponds to the isodose 20%) and showing an increase of the statistical uncertainty coherent with the depth increase. An excellent agreement is observed between penmain and penMRT for a single microbeam. A maximum relative difference of less than ±1% is observed, independently of the considered depth (Figure 2.11(C) and (D)), because in that case, the 10 10 particles are concentrated in the microbeam. As it is shown in Figure 2.11(B) and (D) a relative difference lower than 1% is observed between penmain, Gate and penMRT. The discrepancies increases with depth to reach 6% and it might be due to the differences in the physical models in these two approaches. 
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PenMRT performance characterization Full MRT field simulation

After benchmarking penMRT against penmain for broad beam and single microbeam simulations, the performance of penMRT was tested in full irradiation field of 2 × 2 𝑐𝑚 2 consisting of an array of 51 microbeams (50 microns by 20 mm equally spaced, 400 microns center to center). In this case, a simulation time of 28 hours was recorded on the ESRF cluster (2 × 10 9 primary particles, dose calculation grid of 0.005 × 1 × 1 𝑚𝑚 3 ). A two sigma uncertainty level of 1.1%, 3% and 6% has been achieved in the beam center, penumbra and valley area (average on 100 𝜇m centered at the valley center), respectively. The dose map at 2 cm of depth, the horizontal dose profile in the center of the field, as well as the peak and valley PDDs are represented on Figure 2.12. The PDD values (Figure 2.12 (C) and (D)) correspond to doses averaged on 0.01 × 1 × 1 𝑚𝑚 3 bins for the peak PDD, 0.1 × 1 × 1 𝑚𝑚 3 for the valley PDD. The peak dose PDD is varying as a decreasing mono-exponential function with depth. PDD(y)=100exp (-0.16084y), so the calculated linear attenuation coefficient is 0.1608 𝑐𝑚 -1 , when the linear attenuation coefficient of water at 103.8 keV is 0.1687 𝑐𝑚 -1 , which is less than 5% difference, using the monochromatic approximation. The valley doses are mainly caused by the scattered photons from the peaks inside the field. We observe that the valley doses increase to a maximum value and then decreases with the depth. This depth depends on the energy spectrum and in our case the maximum valley dose appeared at a depth of 1.9 cm. The valley PDD also exhibits a higher statistical radiation therapy The dose map obtained with penMRT is compared to the dose map obtained by replicating the dose maps obtained by penmain and Gate with one single microbeam (Figure 2.13). There is a good agreement in the peaks doses (less than 1% relative difference), whilst the valley doses differ from 0.5 to 7.5% between Gate and penMRT, which could be due to the differences in the physics lists that impact the modeling of the transport of low to medium energy photons and electrons. Dose map replication is a simple method which can accelerate the calculations. Using this method there is no need to have increased computational capacity [START_REF] Martínez-Rovira | Monte Carlo dosimetry for forthcoming clinical trials in x-ray microbeam radiation therapy[END_REF]. However, it can not be used in reality as it is blind to the presence of heterogeneities (see Figure 2.14). Correction of dose map for heterogeneity can be done using dose scaling which is not applicable for MRT energy range.

In order to justify the usage of the source replication model, a MRT dose profile obtained by replication is compared to a MRT dose profile obtained by simulating the multislit collimators (a zoom on the central peak and valley is shown in Figure 2.15). By using the source replication approach, we have about 0.6% dose underestimation on valleys, due to the lack of scattering and transmission effects on multislit collimators blades. At the peak center the relative difference is negligible. A 5-10% relative difference is observed in high-gradient areas, i.e. in the microbeam penumbras over 15 µm. This is inherent to the source definition strategy. This validates the source replication approach, neglecting the collimator transmission and scatter effects.

Multi-scale dose maps in unidirectional and multidirectional MRT irradiations

Before testing penMRT in complex treatment conditions, penMRT has been validated against penmain for multi-directional irradiations.

The comparisons between penmain and penMRT for multiple incidences irradiations are represented on Figure 2.16. As the Q-Q test has returned a dose comparisons distributions map that follows the y=x line, it clearly shows the similarity of the two dose distributions. We thus validated penMRT against penmain for microbeam arrays for multiple incidences. radiation therapy At the end, all implemented features in penMRT were tested by simulating unidirectional, bidirectional and multidirectional treatments. Figure 2.17 shows the multiscale dose maps alongside with a zoom on the high resolution calculation grid. Simulating each beam requires less than 24 hours on the ESRF cluster. In multidirectional treatment, all the treatment beams can be simulated at the same time. Showing micrometric information on centimetric scale, induces some display artifacts which are visible in the subplots of Figure 2.17 The interpretation of high resolution dose maps can be helped by the analysis of high resolution DVHs. An example of high resolution DVHs obtained on a virtual 1 × 1 × 1 𝑐𝑚 3 target centered on the treatment isocenter is also shown on Figure 2.17. The dose was prescribed such that the whole ROI received a minimum valley dose of 1 Gy in each irradiation beam. The minimum value of DVHs is 1 Gy and 3 Gy, for unidirectional and 3 beams treatments, respectively. The bin width on the DVHs is set at 1 Gy. The peak doses are leading to bell shape plots on the DVHs with the presence of stripes of peak doses as well as hot spots where microbeams cross. To our knowledge these are the first high resolution dose maps and DVHs obtained for MRT treatments using cross-fired beams. radiation therapy In unidirectional treatments (Figure 2.17(A.III)), 70% of the target receives valley doses from 1 Gy to 4 Gy, whilst around 9.8% of the volume receives the peak doses (> 40 Gy) and 2.32% of the volume receives the doses from the average penumbra values . Cumulative dose analysis confirms that 100% of the target benefits from the minimum valley dose (1Gy), and around 12.5% of the volume is exposed to peak doses. In the case of two perpendicular MRT field treatments (results are not shown as they are implicitly represented in 3 beams treatment analysis), about 61.1% of the target receives the sum of the two valley doses (2-8Gy), whilst about 1.28% of the volume receives the sum of 2 peak doses (> 90 Gy). 16.51% of the volume receives the doses which come from one peak and one valley (around 55 Gy). Cumulative dose analysis shows that 20 to 23% of the volume is exposed to lethal doses if the latter are equal to at least one peak dose. In the MRT treatment based on three fields (Figure 2.17.B.III), the percentage of the volume receiving the doses from three valleys decreases to about 46%. About 0.1% of volume has the dose of three covering peaks, whilst 0.31% of the volume takes advantage of two covering peaks and about 17% of the volume receives the dose of two valleys and one peak. Based on cumulative dose analysis 100% of the volume receives at least the three valley doses and at 30 to 35% of the target volume is covered by lethal doses brought by at least one peak.

Discussion

In this work, penMRT has been first benchmarked against penmain and Gate for broad beam calculations as well as for a single microbeam irradiation and a full microbeam array. This benchmarking was mandatory to test the fact that the modifications performed in the PENELOPE general purpose main program penmain [START_REF] Salvat | A Code System for Monte Carlo Simulation of Electron and Photon Transport[END_REF] to build penMRT were not affecting the accuracy of the Monte Carlo simulations themselves. This has been validated for various values of C1 et C2 from 0.01 to 0.1. The source replication approach and multidirectional treatment have also been validated. The penMRT performance tests demonstrate the reliability of penMRT to be used for 3D conformal MRT irradiations. In Table 2.3, the peak to valley dose ratios obtained by penMRT are compared to the PVDR available in the literature. The penMRT calculated PVDR values in a square field composed by an array of 51 microbeams, are in good agreement (0 to 8% relative difference) with the study conducted by Martínez-Rovira et al., in 2012 with an approach limited to one unidirectional square field irradiation at a normal incidence to the voxelized phantom [START_REF] Martínez-Rovira | Monte Carlo-based treatment planning system calculation engine for microbeam radiation therapy: MC-based TPS calculation engine for MRT[END_REF]. The study from Martínez-Rovira et al. [START_REF] Martínez-Rovira | Monte Carlo-based treatment planning system calculation engine for microbeam radiation therapy: MC-based TPS calculation engine for MRT[END_REF] is based on a complete simulation of the beamline components (from wiggler to phantom), whilst penMRT is based on an approach that aims at optimizing the simulation time without impairing the results such as the source replication and the use of MRT spectra as generated by the Oasys software [151] developed at the ESRF. It was thus essential to compare the two approaches in similar cases. The PVDR values calculated by penMRT are also compared to the hybrid dose calculation PVDR values given by Donzelli et al. [START_REF] Donzelli | Introducing the concept of spiral microbeam radiation therapy (spiralMRT)[END_REF]. In this publication a spectrum with an average energy of 105 keV or 110 keV has been used. In our study, the small animals spectrum with an average energy of around 103.8 keV has been used. A relative difference between 0 to 8.5% can be observed between penMRT and hybrid PVDR values. The highest differences (8.5% and 5.7%, for 5 and 10 mm depth, respectively) are observed mostly in the lower depths, which can be explained by differences in the low energy spectrum components between these two studies. The results are also coherent with the experimental study performed by Livingstone et al. [START_REF] Livingstone | Experimental optimisation of the X-ray energy in microbeam radiation therapy[END_REF]. It is also shown that taking into account the photon polarization is important for penumbras and out-of-field doses calculations. The polarization effects should not be neglected, in particular when the prescription is performed on valley doses. Our results were in accordance with the study conducted by De Felici et al. on the polarization effect [START_REF] Felici | Dose distribution from x-ray microbeam arrays applied to radiation therapy: An EGS4 Monte Carlo study[END_REF]. The source replication approach used in penMRT accelerates the simulations with the cost of neglecting the transmission, diffusion and reflection through the MSC. In a recent study from Pellicioli et al. [START_REF] Pellicioli | Study of the X-ray radiation interaction with a multislit collimator for the creation of microbeams in radiation therapy[END_REF] the effect of the MSC on peak and valley doses has been investigated. Based on this study, a perfect collimator assumption might cause an under-estimation of the valley doses from 5% to 30% depending on the field size and the energy spectrum. The peak doses might be less affected with an under-estimation of about 0.2%. The experimental valley doses values found experimentally by Pellicioli et al. might however, be slightly overestimated due to the irradiation modality used to retrieve valley doses from HD-V2 Gafchromic films, that might have introduced a blurring effect and increased valley doses. Our source replication validation showed that the valley dose under-estimation would be around 0.6%. However, in order to have an improved precision of the collimator contribution, a mother simulation can be run and a phase-space file (PSF) after the MSC be retrieved, but loading and processing a PSF would increase the simulation time considerably [START_REF] Reid W Townson | GPU-based Monte Carlo radiotherapy dose calculation using phase-space sources[END_REF], when compared to the source replication approach. As an alternative, simulating the contribution of multislit blades in the form of multiple virtual sources is also under investigation. In this study, the capability of penMRT to simulate high-resolution and multi-scale and multidirectional dose maps has been validated. To our knowledge these are the first high resolution dose maps obtained on a cross-fired irradiation scheme using synchrotron generated microbeam arrays. The dose maps are used to extract high-resolution DVHs. This is of particular interest for treatment planning in MRT, with dose metrics representing the complexity of the irradiation. So far, the treatment plans in MRT trials [START_REF] Coquery | Locomotion and eating behavior changes in Yucatan minipigs after unilateral radio-induced ablation of the caudate nucleus[END_REF][START_REF] Eling | Unexpected Benefits of Multiport Synchrotron Microbeam Radiation Therapy for Brain Tumors[END_REF] are performed using the hybrid algorithm [START_REF] Donzelli | Introducing the concept of spiral microbeam radiation therapy (spiralMRT)[END_REF], which has a limited spatial resolution due to macroscopic rendering of separated peak and valley dose maps [START_REF] Ocadiz | Film dosimetry studies for patient specific quality assurance in microbeam radiation therapy[END_REF]. PenMRT enables planning and optimization of MRT treatments using high resolution dose metrics when several microbeams arrays are used. Based on a recent hypothesis in MRT, the radiotherapy toxicity and the treatment efficiency is linked to valley and peak doses, respectively [START_REF] Coquery | Locomotion and eating behavior changes in Yucatan minipigs after unilateral radio-induced ablation of the caudate nucleus[END_REF][START_REF] Eling | Unexpected Benefits of Multiport Synchrotron Microbeam Radiation Therapy for Brain Tumors[END_REF]. However, the role of the array of microbeams, the hot spots and their spatial distribution in a multidirectional irradiation is still unknown. A recent study by Cahoon et al. [START_REF] Cahoon | Investigating spatial fractionation and radiation induced bystander effects: a mathematical modelling approach[END_REF] is pointing to the potential role of the bystander effects linked to the over irradiated cells in the beam passage. PenMRT's generated high resolution dose maps and DVHs, showing the distribution at a micrometric scale of areas covered by peaks, valleys and hot spots is undoubtedly a significant added value to the study of the biological outcome of spatially fractionated radiation therapy. The next step of this work is to perform the experimental validation of penMRT using high resolution detectors irradiated in clinical conditions through end to end studies with conformal fields. The use of variance reduction methods (e.g. interaction forcing) on the speed and accuracy of simulations will be also investigated.

Conclusion

We have developed a multi-scale full MC dose calculation engine, pen-MRT, which allows the user to obtain dose maps at the micrometric scale for photons irradiations. This engine is optimized for microbeam radiotherapy, but it can be used in other treatment modalities, where a micrometric resolution and a large number of scoring dose bins are required. This code has been benchmarked against two general purpose MC codes: penmain (based on PENELOPE) and Gate (based on Geant4). The ability of penMRT to calculate dose maps in multi-scale grids in unidirectional and multidirectional treatments has been validated. As a main result, the first high-resolution dose maps and associated DVHs ever obtained have been produced, which is bringing a significant added value to treatment planning in spatially fractionated radiation therapy. 

Introduction

The key step in radiotherapy procedure is treatment planning which involves the collaboration of radiation oncologists, radiation therapists, medical physicists and medical dosimetrists. In this step, the beams shapes and beams ballistics are simulated in order to create a patient specific treatment plan. A treatment simulation consists of [START_REF] Gardner | Modern Radiation Therapy Planning and Delivery[END_REF]:

▶ Patient data acquisition (diagnostic and simulation imaging), ▶ Image registration and segmentation, ▶ Contouring the target volumes and Organs At Risks (OAR), ▶ Beam and ballistics definition, ▶ Dose calculation, ▶ Evaluation of treatment plans, ▶ Dose delivery and quality assurance of treatment.

After diagnosis of a cancer, the treatment strategy is defined based on the nature and location of tumor. Cancer treatment strategies are mainly surgery, chemotherapy, radiotherapy and/or a combination of those. However, even after total tumor ablation with surgery, the recurrence risks are managed using radiotherapy. Thus, the diagnostic imaging requires a high resolution and contrast imaging method because it is an important step in the detection and characterisation of the cancerous disease prior to its treatment. Henceforth, if the treatment strategy is the radiotherapy, a precise workflow will be followed [START_REF] Hussain | Treatment Planning in Radiation Therapy[END_REF]. The standard radiotherapy work flow is shown in the Figure 3.1. The current standard imaging modality for treatment planning (simulation) in radiotherapy practices is "Computed Tomography" (CT). Absorption and/or attenuation of radiation in the tissue yields at different gray levels during CT reconstruction which provides the necessary information about physical quantities such as electron density, mass density, attenuation coefficients and presence of heterogeneities. The CT scan has a crucial role in treatment planning as it is geometrically robust and as a consequence it allows an accurate targeting of tumor. While the 68 3 PenMRT: From preclinical to clinical trials with multi-scale dose calculation engine CT images provide morphological and dosimetric data, other modalities such as Magnetic Resonance Imaging (MRI) or Positron Emission Tomography (PET) provide morphological data with a better contrast on soft tissues or functional information, respectively. These additional information are helpful for target and Organs At Risks (OARs) delineation and contouring. In this step, MRI and/or PET images are registered to CT images (Figure 3.1 (A) and (B)) to gain an improved target definition and geometrical accuracy at the same time [START_REF] Hanvey | The influence of MRI scan position on image registration accuracy, target delineation and calculated dose in prostatic radiotherapy[END_REF]. An accurate registration implies a set of CT and MRI images in the radiotherapy position (Figure 3.2). To have a reproducible and accurate patient positioning from imaging to therapy, the patient movements must be limited using immobilization devices such as: body supports, straps, thermoplastic sheets and stereotactic frames.

The radiation oncologist delineates the target volume and OARs based on the definitions given by ICRU (International Commission on Radiation Units and Measurements) [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]. Entrenched by ICRU definition, the target volume is contoured in four layers explained in the Table 3.1 (see also Figure 3.3). Alongside with target volumes, OARs needs to be contoured in order to be included in the treatment plan evaluation and avoid radio-induced side effects. The common OARs are spinal cord, eyes, parotids, lungs, optic chiasm, brain stem, kidney, rectum and bladder (Figure 3.3). The beam and ballistics definition depends on the chosen treatment technique. In the past, the radiation was delivered through conventional static fields. With the advent of Multi-Leaf Collimators (MLC), beams were shaped to tumor contour at each irradiation angle (3D-CRT and IMRT). Nowadays, clinical treatment strategies are focused on accelerating the intensity modulated beam delivery using continuously rotating gantries (Intensity Modulated Arc Therapy (IMAT)). The beam shaping method and static beam delivery through a set of predefined angles or continuous arc irradiation are dictated by radiotherapy strategy [START_REF] Garibaldi | Recent advances in radiation oncology[END_REF].

The dose calculation methods implemented in a TPS should be accurate, flexible and fast [START_REF] Ahnesjö | Dose calculations for external photon beams in radiotherapy[END_REF]. Commercial TPSs, generally use model-based dose calculation algorithms. These methods are based on the convolution/superposition of energy deposition kernels and primary photon fluence (see 1.8.5). There are also MC methods which are the gold standard for validating the dose calculation algorithms. Despite of being time consuming, MC methods are implemented in some commercial TPSs (e.g, Monaco -Elekta AB, Stockholm, Sweden, RayStation -RaySearch Laboratories AB, Stockholm, Sweden) [START_REF] Indrin | Report of the AAPM Task Group No. 105: Issues associated with clinical implementation of Monte Carlo-based photon and electron external beam treatment planning: AAPM Task Group Report No. 105: Monte Carlo-based treatment planning[END_REF][START_REF] Wagenaar | Validation of linear energy transfer computed in a Monte Carlo dose engine of a commercial treatment planning system[END_REF]. In general, the choice of calculation algorithm depends on the beam energy range and its specific features (e.g. high dose gradients) and required resolution for dose scoring, speed and accuracy.

A high quality treatment plan is the one with the best dose coverage on the PTV with a minimum dose to OARs (see Figure 3.1 (D)) [START_REF] Christian Rønn Hansen | Plan quality in radiotherapy treatment planning -Review of the factors and challenges[END_REF]. A robust treatment plan evaluation which helps the decision-making process is based on Dose-Volume Histograms (DVHs). Quantifying the quality of treatment plans can be done using metrics derived from DVHs, such as: PTV dose coverage, homogeneity and conformity. The probability of toxicity in OARs can also be extracted from DVHs [START_REF] Christian Rønn Hansen | Plan quality in radiotherapy treatment planning -Review of the factors and challenges[END_REF][START_REF] Hernandez | What is plan quality in radiotherapy? The importance of evaluating dose metrics, complexity, and robustness of treatment plans[END_REF].

Following the treatment plans evaluations and optimizations, radiation therapy is administered (Figure 3.1 (E)). The data on type and localisation of tumor, TCP, NTCP and recurrence risks after the treatment will be recorded. These information can help enriching the database and ease decision making process.

Clinical radiotherapy benefits from decades of experiences and a rich database of patient data, co-morbidities, systemic treatment, toxicities, local control and survival [START_REF] Hernandez | What is plan quality in radiotherapy? The importance of evaluating dose metrics, complexity, and robustness of treatment plans[END_REF]. These databases are not applicable for Microbeam Radiation Therapy (MRT) because of its unconventional physics and dosimetric parameters. Successful clinical transfer of MRT relies on the inclusion of well-conducted transnational studies [START_REF] Tillner | Pre-clinical research in small animals using radiotherapy technology -a bidirectional translational approach[END_REF]. Until now, MRT showed promising results in tumor control and limited toxicity for bulky primary tumors in rodents and canine patients (For instance, the tumor volume in a canine patient exhibited a substantial reduction of 87.487% without any observed radiotoxicity.) [START_REF] Adam | Toward Neuro-Oncologic Clinical Trials of High-Dose-Rate Synchrotron Microbeam Radiation Therapy: First Treatment of a Spontaneous Canine Brain Tumor[END_REF][START_REF] Eling | Unexpected Benefits of Multiport Synchrotron Microbeam Radiation Therapy for Brain Tumors[END_REF][START_REF] Mayr | An International Consensus on the Design of Prospective Clinical-Translational Trials in Spatially Fractionated Radiation Therapy[END_REF]. The next step towards the clinical transfer is to find the relationship between unconventional dose distribution pattern of MRT and the observed radiobiological effects in preclinical trials. For this reason, we developed a multi-scale high resolution dose calculation engine called penMRT (see chapter 2). High resolution dose maps calculated by penMRT are used to extract the high resolution DVHs. While the traditional DVHs results in losing the information on spatial distribution of dose, high resolution DVHs might help to have a better understanding about physical parameters and radiobiological effects.

In this chapter, using penMRT, we simulated the treatment of canine patients [START_REF] Adam | Toward Neuro-Oncologic Clinical Trials of High-Dose-Rate Synchrotron Microbeam Radiation Therapy: First Treatment of a Spontaneous Canine Brain Tumor[END_REF] and rats [START_REF] Eling | Unexpected Benefits of Multiport Synchrotron Microbeam Radiation Therapy for Brain Tumors[END_REF] baring a spontaneous brain tumor and implanted cells resulting in a tumor, respectively (see Appendix B). The high resolution calculated doses by penMRT are compared to the calculated dose by hybrid algorithm [START_REF] Donzelli | Introducing the concept of spiral microbeam radiation therapy (spiralMRT)[END_REF] which is currently used for MRT trials. The dose metrics are linked to previously published survival data on rodents.

Materials and methods

To conduct a transnational study for MRT, Adam et. al. [START_REF] Adam | Toward Neuro-Oncologic Clinical Trials of High-Dose-Rate Synchrotron Microbeam Radiation Therapy: First Treatment of a Spontaneous Canine Brain Tumor[END_REF] and Eling et. al. [START_REF] Eling | Unexpected Benefits of Multiport Synchrotron Microbeam Radiation Therapy for Brain Tumors[END_REF] followed the standard clinical workflow in radiotherapy for both dog and rat patients, respectively (Figure 3.4). engine ▶ Dog patient: a 6-year male French bulldog with a spontaneous brain tumor, ▶ Rat patients: ten-weeks-old male Fischer rats with implanted 9L gliosarcoma cells. 

Imaging

The French bulldog was positioned at the treatment position and immobilized using patient-specific thermoplastic mask and stereotactic frame (Brainlab, Munich, Germany) and imaged with a Toshiba CT scanner (Aquilion Lightning, Canon Medical Systems, Ōtawara, Tochigi, Japan).

The CT scan parameters were: 120 kVp, 150 mAs, 318 slices of 512 × 512 pixels, 43.93 cm diameter field of view and 0.8 mm slice thickness. For image guided positioning during treatment, radio-opaque markers were fixed on the thermoplastic mask. In order to contour the lesion and OARs, the dog was imaged using MRI sequences of T1-Gd, T2 * and T2 FLAIR (step (A) in Figure 3.4).

The rat was also positioned at the treatment position without any immobilization devices and imaged with a LightSpeed CT scanner (GE Healthcare, Milwaukee, WI). The CT scan parameters were: 120 kVp, 124 mAs, 424 slices of 512 × 512 pixels, 10.4 cm diameter field of view and 0.625 mm slice thickness. For contouring the PTV and OARs, the rat underwent a T2-weighted MRI (step (A) in Figure 3.4).

Image registration and contouring

In the dog's case, T1-Gd, T2 and FLAIR and in the rat's case, T2 MRI images were registered to CT-scans on the IsoGray workstation (Dosisoft, Cachan, France). The contours (PTV, OARs and markers positions) were delineated on registered images by radiation oncologists and medical physicists (step (B) in Figure 3.4).

Based on ICRU recommendations, PTV is a uniform margin around CTV to take into account the target volume and setup margins. The thickness of this margin depends on the treatment modality [START_REF] Miao | A study of nonuniform CTV to PTV margin expansion incorporating both rotational and translational uncertainties[END_REF]. In stereotactic treatment of brain tumors, this margin is 2 mm [START_REF] Badloe | Impact of PTV margin reduction (2 mm to 0 mm) on pseudoprogression in stereotactic radiotherapy of solitary brain metastases[END_REF]. However, in MRT thanks to steep penumbra at the field edges, the uniform margin around CTV is 1 mm (PTV=CTV+1mm).

The contoured structures were exported as the DICOM RT files for dose calculation and patient positioning during the treatment.

Treatment planning

For dog, five coplanar and conformal MRT fields were centered at the isocenter which is the center of PTV on IsoGray workstation (step (C) in Figure 3.4). The irradiation angles were chosen to avoid OARs as much as possible and also avoid superposing beams at the skin level.

For rat, five treatment plans with 1 to 5 coplanar square field of 8 × 8 mm 2 centered at the isocenter of PTV were prepared. In the rat case, as the irradiation were performed on several rats with different shape of PTV, having the conformal fields was not practically possible.

The beam contours were exported as the DICOM RT files for beam shaping during dose calculation and preparation of cerrobend conformal masks. In spatially fractionated radiotherapy (e.g. GRID therapy [START_REF] Neuner | High-Dose Spatially Fractionated GRID Radiation Therapy (SFGRT): A Comparison of Treatment Outcomes With Cerrobend vs. MLC SFGRT[END_REF] and MRT), same as in electron therapy at the end of applicators [START_REF] Hussain | Treatment Planning in Radiation Therapy[END_REF], as the beam divergence is nearly negligible, beam shaping is done using non-focalized cerrobend masks. Cerrobend alloys have the advantages such as high density, low melting point (around 70°C) but solid at room temperature, ease of shaping and having high stopping power thanks to its high atomic number elements (Pb, Bi, Sn, In and Cd) [START_REF] Tellili | Investigation on radiation shielding parameters of cerrobend alloys[END_REF]. All these advantages together with its low cost, make it a perfect candidate when several masks must be machined for only one patient.

Dose calculation and treatment plan evaluation

The dose distributions are calculated using hybrid algorithm [START_REF] Donzelli | Introducing the concept of spiral microbeam radiation therapy (spiralMRT)[END_REF] and penMRT (step (D) in Figure 3.4). Hybrid algorithm inherits photon transport from Geant4 MC code and electron transport from convolution based method. In this method, dose maps are rendered in the form of separated peak and valley dose maps. Furthermore, to accelerate the code and for a better memory management, doses are scored in grid size comparable to CT-scan pixel size. Thus, micrometric pattern of dose distribution is lost. Currently, hybrid method is the standard dose calculation engine for MRT preclinical trials at the ESRF and Australian synchrotron [START_REF] Adam | Toward Neuro-Oncologic Clinical Trials of High-Dose-Rate Synchrotron Microbeam Radiation Therapy: First Treatment of a Spontaneous Canine Brain Tumor[END_REF][START_REF] Eling | Unexpected Benefits of Multiport Synchrotron Microbeam Radiation Therapy for Brain Tumors[END_REF][START_REF] Day | A commercial treatment planning system with a hybrid dose calculation algorithm for synchrotron radiotherapy trials[END_REF]. In order to obtain microscopic dose distribution, we used penMRT, a pure MC dose calculation engine developed for MRT. The dose calculation with penMRT will be explained in details in the following sections.

In general, in both methods, absorbed doses are calculated on CT-scan of patient. The attenuation and absorption of irradiation in patient body are represented in gray levels in the CT images. The gray levels are quantified using Hounsfield Units (HU) where HU of distilled water is zero and HU of air is -1000 [START_REF] Tami | Hounsfield Unit[END_REF]. The correlation between HU and tissue composition is obtained using CIRS phantom [176] (see Figure 3.5) in the form of calibration curve [START_REF] Schneider | The calibration of CT Hounsfield units for radiotherapy treatment planning[END_REF]. In radiotherapy with low energy photons such as the energy range used for MRT, calculated dose is very sensible to material compositions and densities. Thus, the use of a proper HU calibration curve is necessary in order to reduce (up to 2%) dose deviations due to material conversions uncertainties [START_REF] Schültke | A Mouse Model for Microbeam Radiation Therapy of the Lung[END_REF]. For MRT dose calculation, a CT-scan of the CIRS 62M phantom [START_REF]CIRS Model[END_REF] was provided. By analyzing the CIRS CT images, HU intervals of each material was defined. At the end, each pixel of CT image was correlated to material composition and density.

The accurate dose calculation also requires an accurate energy spectrum of incident beams. In the canine patient trial, the synchrotron x-ray beam is filtered using 2. 

PenMRT dose calculation

For dose calculation in penMRT entry files must be prepared precisely. These files consist of:

▶ Voxelized geometry (patient CT-scan), ▶ Quadric geometry (Cerrobend masks), ▶ Energy spectrum and simulation parameters. 

Voxelized geometry

The CT-scans of patients are provided in transverse planes (see Figure 3.8 (A.I and A.II)). An auxiliary Python (Python 3.9) program rotates and reconstructs the CT-images in coronal plane to facilitate the beam positioning and coplanar rotation of geometry (see Figure 3.8 (B.I and B.II)). This program also converts each pixel of the CT images to its proper material based on calibration curve obtained by CIRS phantom. In these CT-scans three distinct materials have been detected: Water, dense bone and air. In penMRT, these three materials are defined based on the compositions given by NIST database. In the case of bone, the ICRU composition on NIST database is used [180].

Quadric geometry

Quadric geometries in penMRT are restricted to conformal masks. The coordinates of cerrobend conformal masks are obtained from DICOM RT files. To construct the mask precisely, first the biggest convex object is extracted. An iterative procedure is then applied to shape the detailed form of mask by adding and/or omitting the triangles and/or trapezoids (see Figure 3.9 (B)). At the end, these shapes are converted to surfaces and modules and they are extracted from a cerrobend block to form conformal fields. The Figure 3.10 shows an example of these masks which were used for simulation in the following sections.

One of the differences between penMRT and hybrid method is conformal beam shaping. In penMRT, masks are simulated as they are in real treatment, whilst in hybrid method beams are shaped directly to their final forms. Simulation of a real block of cerrobend increases the calculation time as it contains lots of surfaces and modules. However, this realistic approach allows the simulation of scattered photons coming from mask edges.

Simulation parameters

Simulation parameters are defined in a main entry file which control the simulation. In this file, particle type, energy spectrum, polarization degree and direction, beam type (broad beam or microbeam) and the absorption and cut-off energies for each material are defined. The accuracy and speed of calculation are controlled via these parameters. Higher absorption and cut-off energies accelerate the simulation with the cost of loosing the propagation of secondary electrons and reducing the precision of calculated doses in penumbra and valley areas. The summary of simulation parameters used for dog and rat simulations are given in Table 3.2. The number of dose scoring bins, calculation time, parallel jobs and primary particles are listed in Table 3.3. Same as the real treatment condition at the ID17 of ESRF, in penMRT, the position of irradiation source is fixed at 40.5 m from the target. This position is shown with green dashed line in the Figure 3.11. Thus, other important parameters are isocenter and irradiation angles; where isocenter is the center of rotation. The isocenter coordinates and angles are extracted from DICOM RT file and the angles are then converted to the referential of penMRT (see Figure 3.11). For each incident beam, the voxelized geometry is rotated using the Euler angles whilst the rest of geometry is fixed. With this approach, the center of central microbeam is always at the isocenter.

Post processing

After performing the simulation for each irradiation incidences separately, post processing are needed. These post processing consist of:

▶ Rotation, re-sampling and summation of dose maps for all the beam incidences, Rotation, re-sampling, summation of dose maps and extraction of differential and cumulative DVHs are fully explained in the chapter 2. To compare penMRT and hybrid dose maps, according to the method used for film dosimetry by Ocadiz et al. [START_REF] Ocadiz | Film dosimetry studies for patient specific quality assurance in microbeam radiation therapy[END_REF], separated peak and valley dose maps are also extracted from dose maps of penMRT. Based on this method the peak and valley centers are detected. Peak maps and valley maps are constructed by averaging on a zone of 10 × 40 𝜇m 2 and 100 × 40 𝜇m 2 centered at the center of peaks and valleys, respectively (Figure 3.13). For peak region a window of 10 𝜇m has been chosen to avoid the falls-off at the peak edges. As the valley regions are mainly constructed by scattered photons, they are more susceptible to statistical uncertainties and as a consequence, a wider window has been chosen for averaging. With a window of 100 𝜇m, we can avoid the penumbra regions and reduce the effect of fluctuations caused by statistical uncertainties.

At the end, based on extracted metrics from post-processing procedure, the treatment plan is evaluated and optimizations will be applied, if it is required. engine

Absorbed dose in penMRT: from eV/g per shower to Gray

Further calculations are necessary to obtain absolute doses in Gy from the doses in penMRT, which are originally given in (eV/g) per shower. A shower represents a cascade of particles resulting from the repeated interaction of a high-energy particle with a medium.

(i) Absolute dose in broad beam: In order to obtain the absolute dose a ROI of 2mm × 2mm at the center of dose map at the depth of 2 cm (reference depth) is chosen and its average value is obtained (see Figure 3.14). Then number of showers for having the required dose in this ROI is calculated. To obtain the absorbed dose in eV/g all the pixel values are multiplied by this number. At the end, doses are converted to Gy by using a conversion factor of 1.60217622 × 10 -16 (1eV/g = 1.60217622 × 10 -16 Gy). 

Reference dose calculation in penMRT

Treatment delivery in MRT is done via providing to the system a reference dose which is the value of broad beam dose at the reference depth in order to induce the prescribed MRT peak or valley dose at the depth of interest. The procedure of reference dose calculation has following steps:

▶ A 2 × 2 cm 2 broad beam (BB) field is simulated and its dose at the reference depth (2 cm) is extracted, ▶ Using this broad beam dose, a so-called q factor is calculated:

𝑞 = 𝐵𝐵 𝑑𝑜𝑠𝑒 × 𝑏𝑒 𝑎𝑚 𝑐𝑟𝑜𝑠𝑠 𝑠𝑒 𝑐𝑡𝑖𝑜𝑛 (3.1)
Where beam cross section is broad beam area (400 mm 2 ), ▶ Using the simulated MRT doses, peak or valley map extracted or a raw dose map is taken. On these dose maps a ROI based on the aforementioned methods is chosen, ▶ The number of showers for having desired dose in this ROI is calculated, ▶ At the end the reference dose is calculated using following equation: engine

𝑅𝑒 𝑓 𝑒𝑟𝑒𝑛𝑐𝑒 𝑑𝑜𝑠𝑒 = 𝑞 × 𝑁 𝑜. 𝑜 𝑓 𝑠 ℎ𝑜𝑤𝑒𝑟𝑠 𝑏𝑒 𝑎𝑚 2 𝑐𝑟𝑜𝑠𝑠 𝑠𝑒 𝑐𝑡𝑖𝑜𝑛 × 𝑚𝑖𝑐𝑟𝑜𝑏𝑒 𝑎𝑚 𝑟 𝑎𝑡𝑖𝑜 (3.
2) Where beam 2 cross section is the area of MRT field and microbeam ratio is peak covered area to total area ratio (50/400).

Dose delivery and quality assurance of treatment

After confirming the treatment plans by radiation oncologists and medical physicists, radiotherapy is conducted at the medical beamline (ID17) of ESRF (step (E) in Figure 3.4). As part of preclinical studies, MRT is administered in only one session.

At first, the beamline is aligned in order to have the beam center at the center of the 3-axis Kappa-type high precision goniometer (Huber, Germany)(Figure 3.17 (F)). Then a PinPoint PTW 31014 IC (PTW, Freiburg, Germany) is placed at the depth of 2 cm in a water equivalent phantom on the goniometer. The IC is scanned with a homogeneous field of 2×2 cm 2 with a constant well-known speed (20 mm/s) and the dose rate is integrated. With a nominal current of 200 mA, the dose rate is around 5500Gy/s. Afterwards, the water equivalent phantom is replaced by the patient. The patient is immobilized using thermoplastic mask and stereotatic frame (Figure 3.17 (D) and (E)). Using a fiducial marker-based imaging method [START_REF] Gardner | Modern Radiation Therapy Planning and Delivery[END_REF] and the radio-opaque markers fixed on the thermoplastic mask (Figure 3.17 (G)), the treatment isocenter is placed at the beam center. For MRT usages, a fiducial marker-based stereoradiography method is developed by Donzelli et al. [START_REF] Donzelli | Conformal image-guided microbeam radiation therapy at the ESRF biomedical beamline ID17[END_REF] in which a low flux synchrotron beam with a dose less than 50 mGy per image, is used for imaging.

For the treatment, an array of microbeams with 50 𝜇m width and 400 𝜇m center to center pitch (Figure 3.17 (A)) is created using multislit collimator (supplier: JJ X-ray, Denmark) [START_REF] Pellicioli | Study of the X-ray radiation interaction with a multislit collimator for the creation of microbeams in radiation therapy[END_REF]. The microbeam array is then formed to the conformal shape via cerrobend mask (Figure 3.17 (B)). For patient security, an online IC controls the dose rate during treatment and it cuts the beam delivery in 5 ms if the dose rate exceeds the limits (Figure 3.17 (C)).

In contrast to clinical radiotherapy where the dose is delivered via a notion of irradiation time (Monitor Unit), in MRT the reference dose is converted to scanning speed (mm/s) using online readout of current in synchrotron storage ring and dose rate. At the end, the patient is scanned with a constant speed in the direction demonstrated with a red arrow in the Figure 3.17. Then the goniometer will be rotated, the cerrobend mask will be changed and the irradiation will be repeated. The irradiation set-ups for dog and rats are fully explained in [START_REF] Adam | Toward Neuro-Oncologic Clinical Trials of High-Dose-Rate Synchrotron Microbeam Radiation Therapy: First Treatment of a Spontaneous Canine Brain Tumor[END_REF] and [START_REF] Eling | Unexpected Benefits of Multiport Synchrotron Microbeam Radiation Therapy for Brain Tumors[END_REF].

Prior to treatment, in order to have a patient specific treatment quality assurance, film dosimetry using EBT-3/EBT-XD Gafchromic films (Ashland, Covington, KY, USA) is performed in a water equivalent cubic phantom at the depth of treatment according to the method described by Ocadiz et al. [START_REF] Ocadiz | Film dosimetry studies for patient specific quality assurance in microbeam radiation therapy[END_REF]. 

Results

This study is divided in two sections: canine and rodent patients. Preclinical studies on canine patient have been started on September 2021 on ID17 beamline at the ESRF [START_REF] Adam | Toward Neuro-Oncologic Clinical Trials of High-Dose-Rate Synchrotron Microbeam Radiation Therapy: First Treatment of a Spontaneous Canine Brain Tumor[END_REF]. These trials highlight the feasibility of MRT on large animals. The aim of studies on dogs with spontaneous brain tumors is to determine the MRT efficiency and treatment related toxicities. In these studies, the evolution of tumor and surrounding tissues are followed by performing a MRI in 1, 3, 6 and 12 months after irradiation and during this time the animal life quality is examined by vets and dog's owner. After the animal death, histological studies will be performed on the dog's brain. Currently, in almost one year after the first MRT on dog patient, there is not enough radiobiological data to correlate the microscopic dose distribution and biological effects. However, there are lots of already published studies on rodents that can be used to correlate the physical dose deposition and radiobiological effects [START_REF] Eling | Unexpected Benefits of Multiport Synchrotron Microbeam Radiation Therapy for Brain Tumors[END_REF]. Thus, the canine section of this study is about comparing the absorbed doses calculated by penMRT and hybrid algorithm in the target volume and organs at risk and in rodent section calculated doses by penMRT are compared to hybrid algorithm and also related to survival of animal.

Canine patient I. PenMRT

For dose calculation in penMRT, the CT-scan of patient is converted to materials and irradiated at the angles of -27°, 9°, 43°, 86°and 121°. The absorbed doses for each beam angle separately, are scored in the multi-scale grids (see Table 3.3). Superposed high and medium resolution In order to obtain the dose distribution inside patient's brain, high resolution dose map of 0.005 × 1 × 1 mm 3 where 0.005 mm is always perpendicular to the beam axis; are used. Dose maps of each angle are then re-sampled to a grid size of 0.005 × 0.005 × 1 mm 3 , rotated and summed in order to reproduce the complete dose maps. The Figure 3.19 shows the microscopic dose distribution at the isocenter plane. In this study, the prescribed dose was a minimum 2.8 Gy valley dose in PTV. The calculated absorbed dose in penMRT is given in eV per shower. Thus, to tune the dose values, calculated values within 3D PTV contours are stocked, the minimum value is found and the number of showers to convert this minimum value to 2.8 Gy is calculated. Then, all the calculated values are multiplied by this factor, resulting the dose maps in Gy shown in the Figure 3 Gy is chosen for these histograms. The left eye is an OAR which receives doses coming from beam 3 and 4 (see Figure 3.11). During the treatment planning, a maximum effort was made to avoid OARs. However, having a large tumor with respect to brain size, it was inescapable to have a part of volume of the left eye inside the beams.

In the differential DVHs Figure 3.20 (A.I) and (B.I) two distinct peaks are observed. First one is coming from valley dose that shows the PTV and GTV volume is mainly covered by valley doses. The second peak is the dose coming from penumbra regions and/or superposition of a peak and cumulative valleys. This second peak is slightly higher in GTV compared
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to PTV due to smaller volume of GTV (GTV=CTV= PTV-1mm). Thus, one can say that about 48.7% of volume benefits from doses higher 20 Gy which is 10 times higher than one session of conventional radiotherapy (2Gy/session). Less than 11% of volume receives the doses higher than 50 Gy from crossing peaks. Looking at geometrical distribution of dose in the Figure 3.19 (C), these high doses area can potentially impair the vascularisation network and create enough damages in cells to make repair mechanisms inside the PTV really difficult. The left eye is generally exposed to the valley doses. As it is deducible from Figure 3.20 (C.I) and also Figure 3.11, there is no superposed peaks in the left eye. Cumulative DVHs in PTV and GTV in Figure 3.20 (A.II) and (B.II) show that 100% of volume receives doses higher than 2.8 Gy .

II. PenMRT and hybrid comparison

The same simulation is performed using hybrid method as it is the reference calculation method for MRT preclinical trials [START_REF] Donzelli | Introducing the concept of spiral microbeam radiation therapy (spiralMRT)[END_REF][START_REF] Day | A commercial treatment planning system with a hybrid dose calculation algorithm for synchrotron radiotherapy trials[END_REF]. Having CT images with a resolution of 0.86 × 0.86 × 0.8 mm 3 , peak and valley dose maps in hybrid method are given in a scoring grid of 1.7 × 1. 

II.A. Gamma index test

Dose maps at the isocenter are compared using relative gamma index test (see chapter 2.2). For this test, it was decided to keep hybrid dose maps resolution and re-sample penMRT dose maps to 1.7 × 1.7 mm 2 (right part of Figure 3.21). Peak and valley dose maps from both methods are normalized to the average dose of ROI of 2×2 mm 2 at the center of PTV. The hybrid dose maps are taken as the reference, then a stereotatic gamma index criteria of 2%/2mm was applied to compare them. Looking at Figure 3.22 (A) passing rate within the 100% isodose of valley dose maps is 95.9% due to the dose heterogeneity observable in hybrid valley dose map (Figure 3.21 (B.II)). Otherwise a good agreement is observed between two algorithms inside the brain. The passing rate decreases drastically on bony structures in the brain. In the case of peak dose map (Figure 3.22 (B)), a good agreement is observed with a passing rate of 100% within isodoses of 100% and 90% and 99.1% within the isodose of 70%. This agreement reduces outside the beam (outside the isodose of 5%).

The differences between absolute calculated doses by penMRT and hybrid method will be discussed in discussion section (see Table 3 

II.B. Dose-volume histogram comparison

Hybrid method generates separated peak and valley cumulative DVH (cDVH) for each structure in DICOM RT file. Thus, using extracted peak and valley dose maps from penMRT, cumulative peak and valley DVHs are obtained and compared to those from hybrid algorithm (see Figure 3.23). A good agreement is observed in valley cDVHs between penMRT and hybrid for PTV, GTV and left eye (Figure 3.23 (A), (B) and (C)). Less steps in cDVHs from penMRT shows that the valley dose distribution in penMRT is more homogeneous than hybrid. The reason for this homogeneity in valley dose maps can be less fluctuations and better statistics in calculated dose and/or the effect of averaging for extracting valley dose maps.

Peak cDVHs in PTV and GTV also show a good agreement (Figure 3.23 (D) and (E)), although penMRT gives peak doses slightly higher than hybrid. PenMRT predicts slightly higher PVDRs in PTV and GTV. In contrary, penMRT gives higher cumulative peak doses at left eye than hybrid method. The reason of this difference might be the peak and valley dose extraction method in penMRT and/or re-binning of CT-scan voxels in hybrid method. This subject will be discussed in discussion section. 

Rodent patients

In this section, according to a study conducted by Eling et al. [START_REF] Eling | Unexpected Benefits of Multiport Synchrotron Microbeam Radiation Therapy for Brain Tumors[END_REF], after conversion of CT-images of rat to materials, it is irradiated at the angles of 270°, 306°, 198°, 162°, 54°and 180°. The combination of these angles to irradiate the rat with 1 to 5 beam incidences are given in Table 3.4. 

Table 3.4:

The combination of angles to irradiate the rat with 1 to 5 beams [START_REF] Eling | Unexpected Benefits of Multiport Synchrotron Microbeam Radiation Therapy for Brain Tumors[END_REF].

No. of beam incidences

Angles

1 270°2 270°-180°3 270°-306°-198°4 270°-306°-198°-180°5 270°-306°-198°-162°-54°F
igure 3.24 shows the multi-scale dose map at each irradiation angle. Using multi-scale dose maps, the dose inside the brain is calculated in high resolution grids and at the same time it is possible to calculate cumulative doses in lungs and spinal cord via medium resolution grids (Figure 3.24 (C), (D) and (F)).

I. Dose distribution and DVHs

The penMRT extracted peak and valley dose distributions are compared to those from hybrid method. To avoid repetitions, in the Figure 3.25 only the dose distribution in five beam incidences case is shown. The comparison is done via a relative 𝛾-index test of 1mm/2% where hybrid dose maps are taken as the reference. In valley dose (Figure 3.25 (A)) a passing rate of 91.6% is observed with the isodose of 100%. The passing rate decreases significantly in bony structures and beam edges. A general increased agreement is observed in peak doses (Figure 3.25 (B)), however, passing rate within the isodose of 100% is less than valley dose map with a value of 89.8%. Same as canine case, passing rate decreases outside the beams and at the field edges.

Same as the canine case, for each configuration, high resolution dose maps are rotated, re-sampled into a grid of 0.005 × 0.005 mm 2 and summed. In this case the valley dose limit is set at 10 Gy and correction factor is calculated to convert eV/shower to Gy. Dose distribution inside the brain and a zoom on the micrometric dose pattern on PTV are shown in the Figure 3.26 (C.I) to (C.V). Dose augmentation on bony structure, delineate skull contours. 

that the efficiency of MRT is hidden behind this dose range? Is it possible that by adding the irradiation ports, this peak becomes dominant?

To answer the first question, the median survival time after irradiation is correlated to different dose ranges in the interval of 70 to 600 Gy. To answer the second question, the dose maps in 1 to 5 irradiation incidences are shown to have a visual understanding about the dose distribution. These matters will be discussed in the following sections.

From (A.I) to (A.V) in the Figure 3.26, very high doses areas (>800 Gy) decreases, since by adding the irradiation ports, in order to keep the same valley dose limit, the dose brought by each port decreases. However, the crossing peaks which create hot-spots occupying a tiny fraction of volume and as a consequence their contribution in dDVHs decreases. This evolution is specially visible on the zoom graphs on (A.I) to (A.V). The cDVHs (B.I) to (B.V) also indicate the accumulation of dose in range from 0 to 400 Gy by adding the irradiation ports. Considering the evolution of cDVHs, we notice the formation of the third small peak in the dose range of 100 to 400 Gy. This third peak is specially visible in the (A.V).

II. DVHs and median survival time correlation

Median survival time (MST) after irradiation of rats with 1 to 5 MRT beams are extracted from Eling et al. study [START_REF] Eling | Unexpected Benefits of Multiport Synchrotron Microbeam Radiation Therapy for Brain Tumors[END_REF] (Table 3.5). This publication contains a complete study on tumor size evaluation, behavioral and hispathologic tests. However, based on the available data on the publication, the physical dose can only be related to survival data. The correlation between percentage of volume receiving certain dose intervals and MST is studied and the results are shown in the Figure 3.27. A R 2 statistical test is used to determine this correlation. R 2 is a regression model that determines the proportion of the dependent variable that can be explained by the independent variable [START_REF] Squared | [END_REF]. A R 2 of 1 indicates that Table 3.5: Survival duration after irradiation [START_REF] Eling | Unexpected Benefits of Multiport Synchrotron Microbeam Radiation Therapy for Brain Tumors[END_REF].

100% of the evolution of MST is explained by changing the percentage of volume receiving a certain dose interval based on regression model. As in the literature, the efficiency of MRT is related to peak doses, at first, the relationship between percentage of volume receiving doses higher than 120 Gy has been studied. A minimum dose of 120 Gy has been chosen as in dDVHs graphs the low doses peak terminates at this value.

A correlation with a R 2 of 0.96 is obtained in this case. In the seek of finding the best correlation, doses are studied within a tighter window. Thus, the dose intervals which appeared as the second peak in dDVHs are tested. The best correlation with a R 2 of 0.9982 is observed in the dose range of 80 to 420 Gy. This value indicates that, even if the prescribed dose is reduced, as long as the same percentage of volume receives the doses of 80 to 420 Gy, the same biological results will be observed. This regression model predicts that, if we add MRT irradiation ports to increase covered volume by this interval, the MST will increase. To have a better understanding, a ROI covered by 1 to 5 irradiation incidences is shown in Figure 3.28.

As it is shown in the Figure 3.28, from 1 to 5 irradiation incidences, the percentage of ROI covered by peaks and their penumbras increases. Thus, the intensity of the second peak in differential DVHs which is related to efficiency of MRT increases. Based on the regression model prediction a very high MST with a reduced toxicity might be observed at higher number of irradiation ports. However, designing more ports ballistics is a complicated procedure because of the presence of OARs and their tolerance limits. engine 

Discussion

Canine case I. Computational aspects

The dose calculation in MRT treatment of a dog is performed using two independent algorithms with two different calculation approaches. The summary of simulation characteristics are presented in the Table 3.6. From this table one can deduce that despite having 5 times more dose scoring grids and 40 times more primary particles, the calculation time is only 7 times longer than hybrid method. This calculation time is reasonable for a pure MC calculation method to have an acceptable statistics. PenMRT is strongly dependent to clusters of CPUs and memory capacity which is its weakness compared to hybrid method. Furthermore, post-processing in penMRT requires a high capacity computational platform as the volume of output files can reach to 5 GB. The memory management in rotation, re-sampling, superposing and summation of several irradiation angles is a challenging procedure. We are currently developing a new set of post-processing methods using the data science skills to facilitate and accelerate the dose map production and related analyses. This technique is based on lazy data loading and parallelized calculations on large data set. Appendix C provides a schematic view of the distribution of tasks among multiple CPUs in the context of job allocation. 

II. Dosimetry aspects

Looking at Table 3.7, a general good agreement in between peak and valley doses calculated by penMRT and hybrid is observed. Hybrid calculates an average valley value of 5.14% higher and an average peak value of 1.63% lower than penMRT.

In order to calculate the reference dose, if the minimum dose value of penMRT raw dose maps is set to 2.8 Gy, the predicted reference dose is 64.95 Gy which is 8.21% lower than given value by hybrid method. However, if the minimum dose on penMRT extracted valley maps is set to 2.8 Gy, this value will be 45.47 Gy which is 35.74 % lower than hybrid reference dose value. The reason of this difference is the statistical fluctuations on valley dose areas. Peak and valley dose extraction method implies an averaging which works like a smoothing filter and reduce the effect of fluctuations. These fluctuations are presents in all the calculation methods. Thus, the dose prescription on minimum or maximum valley value might not be a correct approach as it can cause an overestimation or an underestimation of reference dose, respectively. In a study conducted by Pellicioli et al. [START_REF] Pellicioli | Study of the X-ray radiation interaction with a multislit collimator for the creation of microbeams in radiation therapy[END_REF], it was mentioned that using film dosimetry, the measured valley doses are between 10 to 30% higher than calculated doses. The author conclude that these differences come from simplifications in calculation methods specially at MSC level. Nevertheless, based on our findings, these differences might be caused by dose prescription and reference dose calculation methods. To overcome this potential error source in penMRT and also hybrid method, smoothing filters can be used before prescribing a minimum/maximum valley dose. Prescribing an average valley dose on PTV might also be a suitable solution. Further studies are needed to validate different dose prescription strategies using an adequate experimental dosimetry method (e.g. film dosimetry). 

3 PenMRT: From preclinical to clinical trials with multi-scale dose calculation engine

In the Figure 3.22 (A) inside the bony structures, a decreased agreement is observed between the calculated and extracted valley dose in hybrid and penMRT, respectively . The reason is shown in the Figure 3.29. In images (A), (B), and (C), the bony region is visible due to the dose augmentation effect, which enhances the contrast in that area. However, in image (D), the actual contours of the bony structures are visible thanks to the Hounsfield Units (HU) obtained from the CT scan. In the case of extracted valley dose from raw dose maps of penMRT, as the valley doses are averaged vertically and horizontally, the thickness of this high dose area is overestimated. On the contrary, as in hybrid method, CT-scan pixels are re-binned, the thickness of bone is underestimated. Looking at the Figure 3.29 in the selected region, the bone thickness in the raw high resolution map of penMRT is around 5.6 mm (A), in the extracted valley dose map from penMRT is around 6.5 mm (B), in hybrid valley dose map is around 4 mm (C) whilst its real thickness in CT-image is 5.5 mm (D). This difference can be the reason for drastic reduction of gamma index passing rate in bone contours. This matter can also explain the difference observed in cumulative DVH of peak dose in the left eye. In penMRT, the extensions of extracted peak doses in bone around left eye can reach inside its contours and increase the accumulated peak dose. This effect is enhanced by the general fact that penMRT gives higher peak doses. Also in Figure 3.22 (B) the agreement of peak doses decreases outside the beams. The reason of this observation might be the photon polarization angle. In the version of hybrid which was used for this study, photons are polarized at 45°, however, in reality and also in penMRT, synchrotron photons are highly polarized in horizontal plane. Thus, the deposited doses outside the beams are different. This observation highlights the importance of considering the photon polarization. Photon polarization does not have a significant effect of PTV doses, as it is directly inside the beams. Nevertheless, the OAR doses might be underestimated or overestimated by neglecting the polarization or not using the correct polarization angle.

To summarize, there are two main reasons for slight disagreements in the imaging patient data: 1) Re-binning approach in hybrid method (in calculation phase) and 2) The partial volume averaging in peak and valley dose extraction method of penMRT (in post processing phase). Basically, the peak/valley extraction method was developed for film dosimetry, where doses are measured in homogeneous phantoms [START_REF] Ocadiz | Film dosimetry studies for patient specific quality assurance in microbeam radiation therapy[END_REF]. So in real patient cases, it is working quite well in homogeneous volumes, but in presence of heterogeneities, specially in air cavities (e.g, frontal sinus) its accuracy is affected by the dose perturbations. In general, penMRT allows analysis on high resolution raw dose maps and the peak and valley dose map extractions method is only used for comparison purposes.

Treatment outcome prediction

In nearly one year after the first canine trial, our database on radiobiological data such as MST has not been completed yet. Nevertheless, if the regression model obtained in the rat case works for canine patients too, the efficiency of treatment is related to the percentage of PTV volume receiving radiation doses higher than 80 Gy. Our data analysis shows that 29.35% of PTV volume is exposed to the doses higher than 80 Gy.

Based on this calculation one can ask: can we say that the repair mechanisms have been impaired in at least 29% of tumor volume? Does this regression model predict the treatment outcome in canine patients too?. These kind of questions will be answered at the end of MRT canine trials.

Rat case I. Dosimetry aspects

For comparison of penMRT and hybrid method, because of the smaller CT-scan pixel sizes, a reduced distance to agreement of 1 mm instead of 2 mm (section 3.3.1) was applied. A general reduced agreement between dose maps extracted by penMRT and obtained from hybrid method in rat case (Figure 3.25) compared to canine case can be explained with several reasons. Same as the dog case, it has been proven that our extraction method is not adapted to heterogeneous medium. This matter becomes more evident in rat geometry with tiny bony structures. Furthermore, centring two dose maps for gamma index test with different resolutions in 3 dimensions on such a small geometry is not free of errors. A small mismatch in dose maps may results in a fail (𝛾>1) based on gamma index criteria. Another reason might be the augmentation of dose fluctuations in hybrid method by decreasing the dose scoring grid size. Looking at the hybrid peak and valley dose maps in rat case, the dose distribution is more heterogeneous than penMRT (see Figure 3.30). This effect is more visible on valley dose maps where the doses are mainly coming from scattered photons. A comparison between valley dose profiles (Figure 3.30) (A.III) and (B.III)) shows the higher level of fluctuations in hybrid method.

In all the calculation methods, there is always a trade between resolution and uncertainties. When the required resolution increases, the calculation uncertainties increases. In hybrid method, in order to have a fast calculation, the number of primary particles is set to 1 × 10 8 . This is an adequate number when the simulation is performed on a CT-scan with a large field of view and as a consequence large pixel sizes. Nevertheless, in small pixel sizes (0.2 × 0.2 mm 2 ), the same particle number leads a non-smooth dose distribution. In penMRT, on contrary, the dose scoring grids are not bound to CT-scan pixels and their sizes are kept fixed. This strategy, allows us to have a better estimation on simulation parameters. Before using penMRT in complex geometries, for the same pixel sizes as mentioned in the Table 3.3, several pilot simulations were performed using different number of primary particles, C1 and C2, absorption and threshold energies and the results were compared to a long simulation with ultra-conservative C1/C2 and threshold energies. This comparison helped us to determine the optimal values to have a reliable, fast and reproducible simulations with an acceptable uncertainty level (see Table 3.2). Thus, no matter the CT-scan characteristics, simulations in penMRT are performed using these optimal values. By this approach, if in the future penMRT is coupled to a commercial TPS, it can be used by a oncologist or a radiobiologist without any need to manipulate physics related parameters.

II. Physical dose and clinical observations

In a recent publication by Fernandez-Palomo et al. [START_REF] Fernandez-Palomo | Should Peak Dose Be Used to Prescribe Spatially Fractionated Radiation Therapy?-A Review of Preclinical Studies[END_REF], several invivo studies using spatially fractionated radiotherapy (microbeam and minibeam) has been reviewed to find out if dose prescription should be done using peak dose or valley doses. This study is based on the correlation of a peak or valley dose value and observed MST or animal weight loss as a sign of treatment toxicity. The authors proposed that the highest correlation is between valley doses and tumoral response.

In another publication by Rivera et al. [START_REF] Rivera | Conventional dose rate spatially-fractionated radiation therapy (SFRT) treatment response and its association with dosimetric parameters-A preclinical study in a Fischer 344 rat model[END_REF], correlation of preclinical spatially fractionated radiotherapy dosimetry and treatment response has been studied. According to this study the highest correlation is observed between tumor response (as a consequence MST) and valley dose with a R 2 = 0.7636. However, in this work a conventional dose rate was used and the tissue responses was not affected by FLASH effect. Without FLASH effect, the tissues might be affected more by valley doses as the repair mechanisms can be impaired because of long irradiation time. We challenged these studies by a question: Can we associate one single value of peak or valley dose to tissue responses and complex radiobiological mechanisms?

To answer this question, detailed dDVHs extracted from penMRT high resolution dose maps are studied.

According to analyses on Figure 3.26 and Figure 3.27, the tumoral response to MRT irradiation depends neither to valley doses nor hot spots where multiple beams crossed. The best correlation with tumor response is found in between a dose range of 80 to 420 Gy with a R 2 of 0.9982. Tissues receiving the doses higher than 420 Gy were probably already dead. So higher doses do not contribute in tumor responses. Thus, to maximize the therapeutic effect, covering a maximum volume of target with this dose range might be a good strategy. This later is possible using multi-incidences irradiation. Nevertheless, it is a complicated practice because of the presence of OARs. Further studies are needed to validate the regression model prediction for higher number of irradiation ports and also to determine the tolerance of OARs in non-homogeneous irradiation beams and associating the toxicity to dDVHs.

Conclusion

PenMRT was developed to obtain high resolution dose maps and DVHs in MRT in order to have a better understanding about the effect of micrometric dose distribution pattern. This engine is used in complex MRT treatment geometries. The obtained dose maps are separated to peak and valley dose maps to be compared with hybrid algorithm. The extracted peak and valley dose maps are validated by comparing to those from hybrid algorithm. This cross validation highlights that penMRT can be used for treatment planning and dose prescription. The comparison of peak and valley cDVHs also shows a satisfactory agreement. The detailed dDVHs from penMRT are also associated to in-vivo studies results. The correlation results shows that the use of detailed DVHs from penMRT in in-vivo studies brings a significant added value to have a better understanding about hidden radiobiological mechanisms of MRT treatments. This study shows that hybrid method can be used for treatment plan optimization and fast dose calculation and penMRT can be used for detailed analysis on the micrometric dose distribution. It also can be used to correlate physical dose distributions to biological effects which results in a prediction model for treatment outcomes.

Introduction

Dose calculation engines have a crucial role in treatment planning. Nowadays, dose calculation engines mostly use the physics-based models.

The accuracy of calculated doses via these engines is strongly dependent on the selected parameters (e.g. cut-off energies) [START_REF] Johnson | Commissioning and Quality Assurance of Computerized Planning Systems for Radiation Treatment of Cancer[END_REF], approximations, simplifications and variance reduction methods if relevant.

The precision of dose delivery is the subject of many recent studies in radiotherapy as an inaccurate radiation dose administration may lead to a reduced therapeutic index and change significantly the treatment outcome [START_REF] Sevcik | Quantitative comparison of different dosimetry methods in orthovoltage X-ray therapy[END_REF]. These studies are divided in two categories: 1) controlling the quality of targeting methods and 2) controlling the quantity of delivered doses. In first category, the techniques such as Image-Guided RadioTherapy (IGRT) and real-time dose-guidance methods [START_REF] Gammelmark | Real-time dose-guidance in radiotherapy: Proof of principle[END_REF] have been studied. In second category, the accuracy of administered dose, is verified using quality control measurements prior to treatment. Based on TRS-430 recommendations [START_REF] Johnson | Commissioning and Quality Assurance of Computerized Planning Systems for Radiation Treatment of Cancer[END_REF] dose calculations and quality assurances should have two components:

▶ Relative dose calculations and measurements based on normalized doses, ▶ Absolute dose calculations and measurements.

To perform a precise absolute or relative dosimetry an adequate detector must be used. The choice of the detector depends on the experimental conditions and parameters. A suitable detector [START_REF] Mourya | An inexpensive method of small photon field dosimetry with EBT3 radiochromic film[END_REF]:

▶ has a dynamic dose range compatible with the measured dose range, ▶ has a spatial resolution adapted to the measured field, ▶ is water (tissue) equivalent, ▶ exhibits linearity and reproducibility, ▶ has a high signal to noise ratio (SNR), ▶ is angular independent, ▶ is independent on energy and dose rate.

In modern radiotherapy thanks to IMRT, VMAT and stereotactic radiotherapy and radiosurgery, the use of small irradiation fields have been increased. However, because of the lack of lateral electron equilibrium, partial occlusion of the source and significant dose gradients, the quality control of small fields are complicated [START_REF] Mourya | An inexpensive method of small photon field dosimetry with EBT3 radiochromic film[END_REF][START_REF] Donya | Prospective Monte Carlo Simulation for Choosing High Efficient Detectors for Small-Field Dosimetry[END_REF]. The recommendations for accurate data collection in small fields are given in TRS-483 Codes of Practice (CoP) [START_REF] Palmans | Dosimetry of small static fields used in external photon beam radiotherapy: Summary of TRS-483, the IAEA-AAPM international Code of Practice for reference and relative dose determination[END_REF].

As the dose delivery in MRT is performed via spatial fractionation of synchrotron generated x-ray into an array of intense parallel microbeams of 50 𝜇m wide separated by a pitch of 400 𝜇m, for quality control, a dose measurement in micrometric scale is required. The spatial resolution of detector has a crucial role in order to avoid the volume averaging effects. The absolute reference dosimetry protocols using ionization chamber have been defined for synchrotron fields [START_REF] Prezado | Dosimetry protocol for the forthcoming clinical trials in synchrotron stereotactic radiation therapy (SSRT): Dosimetry protocol for the clinical trials in SSRT[END_REF][START_REF] Fournier | Absorbed dose-to-water protocol applied to synchrotron-generated x-rays at very high dose rates[END_REF]. Relative dosimetry in MRT can be performed via mentioned dosimeters in the chapter 1 (Table 1.6).

For relative dosimetry in quality control of MRT two methods have been deployed at the ID17: 1) measurement of peak and valley doses using two types of radiochromic films, one dedicated to peaks (e.g, HD-810 and HD-V2) and other dedicated to valleys (EBT series). Thus, to verify each field, two sets of irradiation and measurements are required [START_REF] Ocadiz | Film dosimetry studies for patient specific quality assurance in microbeam radiation therapy[END_REF][START_REF] J C Crosbie | A method of dosimetry for synchrotron microbeam radiation therapy using radiochromic films of different sensitivity[END_REF]. Using this method, up to 30% of difference in between calculated and measured doses is observed [START_REF] Ocadiz | Film dosimetry studies for patient specific quality assurance in microbeam radiation therapy[END_REF]. 2) Measuring of valley doses using HD-V2 films. Valley dose is subject of interest as it is related to treatment toxicity. In this method, in order to have a valley dose inside the dynamic range of film, the reference dose is multiply by a factor and film is irradiated through several scanning. At the end the measured valley dose will be the expected valley dose multiplied by multiplication factor [START_REF] Pellicioli | Study of the X-ray radiation interaction with a multislit collimator for the creation of microbeams in radiation therapy[END_REF]. However, the multiple passages of incident beam might cause a blurring effect on measured doses.

According to our findings in previous study (chapter 3), it is the peak dose which determines the efficiency of treatment. So in this study, we are interested to measure accurately the peak and also valley doses in the same condition as a real treatment, which means one irradiation per field with the real prescribed dose. Also as a part of the quality assurance procedure, the calculated doses using penMRT are validated by comparing them to measured doses in different configurations. Several dosimeters including ionisation chamber, microDiamond detector and different types of radiochromic films have been used and the results are cross-validated. The calculated doses by hybrid algorithm as the reference calculation method in MRT are also compared to measured and calculated values by penMRT. Nevertheless, small field dosimetry protocols and dosimeters are developed for millimetric field sizes and as a consequence dosimetry in MRT is a challenging topic [START_REF] Ocadiz | Film dosimetry studies for patient specific quality assurance in microbeam radiation therapy[END_REF][START_REF] Pellicioli | Study of the X-ray radiation interaction with a multislit collimator for the creation of microbeams in radiation therapy[END_REF] which pushes the usage of dosimeters into their theoretical limits. In the following section, dosimetry protocols, challenges and limitations of chosen dosimeters for this study will be explained.

Materials and methods

This study is performed as a part of canine trials in ID17 at the ESRF in order to perform the patient quality assurance and dose verification prior to treatment [START_REF] Adam | Toward Neuro-Oncologic Clinical Trials of High-Dose-Rate Synchrotron Microbeam Radiation Therapy: First Treatment of a Spontaneous Canine Brain Tumor[END_REF]. Thus, the same spectrum as canine trials with an average energy of 121 keV has been used (Chapter 3 -Figure 3.6 ). The dose prescription is done via hybrid algorithm which is the reference calculation engine in MRT trials. The value of reference dose is then applied to penMRT calculated dose maps in order to extract the dose values in Gy.

Three types of dosimeters are used for dose measurements:

▶ Ionisation chamber : for broad beam measurements, ▶ MicroDiamond detector : for microbeam array measurements, ▶ Radiochromic films: for broad beam, single microbeam and microbeam array measurements.

Ionisation chamber

For absolute dose measurement, PinPoint PTW 31014 Inonisation Chamber (IC) (PTW, Freiburg, Germany) in a homogeneous field of 2 × 2 cm 2 in a water equivalent phantom has been used. The PinPoint IC with a sensitive volume of 0.015 cm 3 is an ideal dosimeter for dosimetry of small beams. The PinPoint IC is also used to obtain, the reference dose rates for film dosimetry calibration. This procedure will be explained in film dosimetry section.

The PinPoint IC is placed in the cubic RW3 water equivalent cube [190] inside a specific insert filled with water (see Figure 4.1). The ambient temperature and pressure are measured and entered to electrometer in order to calculate the correction factor. The sensitive volume of IC is positioned at the center of cube. To ensure the position of IC, the sensitive volume of IC was found via an imaging procedure and necessary corrections were made.

Having a PinPoint IC centered at the center of phantom and irradiation beam, according to absolute dosimetry protocol, phantom is scanned vertically with a speed of 20 mm/s to obtain the absorbed dose in the water [START_REF] Fournier | Absorbed dose-to-water protocol applied to synchrotron-generated x-rays at very high dose rates[END_REF]. For this study, in broad beam measurements a reference dose of 5 Gy has been prescribed which means the measured dose at the depth of 2 cm is 5 Gy. This procedure is repeated for different depths and the absorbed doses are obtained at 2 to 10 cm. Considering the thickness of insert wall of 1 cm added to 1 cm thickness of phantom cap, the minimum depth measurable using this method is 2 cm.

MicroDiamond detector

The PTW microDiamond (PTW 60019, PTW, Freiburg, Germany) with a micrometric resolution is used to measured peak and valley doses in MRT. MicroDiamond is a synthetic single crystal diamond with a small sensitive volume of 0.004 mm 3 (diameter=2.2 mm, thickness= 1 𝜇m). This detector is nearly water equivalent and it is shown that it causes quasi no perturbations in absorbed dose to the water in small fields dosimetry. Resistance to radiation damages and being re-usable are another advantages of this detector [191]. MicroDiamond showed promising results in small field irradiation using orthovoltage photons in SARRP units [START_REF] Kampfer | Dosimetric characterization of a single crystal diamond detector in X-ray beams for preclinical research[END_REF] and also MRT dosimetry [START_REF] Livingstone | Characterization of a synthetic single crystal diamond detector for dosimetry in spatially fractionated synchrotron x-ray fields[END_REF].

MicroDiamond can be used in two orientations: face-on and edge-on.

Based on TRS-483 CoPs, it is recommended to use face-on orientation, because a 2.2 mm diameter in face-on mode might led to a volume averaging effect in small fields [START_REF] Brace | Evaluation of the PTW microDiamond in edge-on orientation for dosimetry in small fields[END_REF]. Thus, for peak and valley measurements in MRT fields, the edge-on orientation with a resolution of 1 𝜇m is used. For measurements, microDiamond is placed inside the RW3 cubic phantom at the depth of 2 cm inside a water filled insert. An imaging process is used to ensure that the detector is centered at the center of phantom and irradiation beam. To measure peaks and valleys in MRT field, phantom 

Radiochromic film

Radiochromic films (RCFs) are high resolution, self developing, twodimensional dosimeters which are widely used in quality assurance and dose verification. RCFs can be used in electron, photon and proton radiation fields. Thanks to their large dynamic range (from 0.01 to 1000 Gy), RCFs can be used in diagnostic, external beam therapy and brachytherapy. Most of the RCFs contain an organic compound of diacetylene monomers which are incorporated into a gelatine matrix and coated onto a polyester base. The irradiation, triggers a polymerization reaction which causes the coloration of polymer chain [START_REF] Casolaro | Radiochromic Films for the Two-Dimensional Dose Distribution Assessment[END_REF] as it it shown in Figure 4.3. The degree of polymer chain coloration is strictly proportional to the absorbed dose.

The sensitive organic material is protected via one-sided or two-sided plastic support. Contrary to silver halide films with a latent image which need further developments in the form of a photograph by means of the chemical processes of fixing and rinsing, the formation of primary image on RCFs is almost instantaneous. RCFs used today in medical physics are manufactured under the commercial name of Gafchromic films (Ashland, Bridgewater, NJ, USA).

Gafchromic films are used widely in radio-diagnostic and radiotherapy quality assurance because of following features [194]:

▶ High spatial resolution adapted to wide range of usages (less than 25 𝜇m), ▶ Wide dose range :1 cGy to 1000 Gy, ▶ Sensitivity to many radiation types, ▶ Energy-independent dose response, ▶ Near tissue equivalent, ▶ No need to darkroom, ▶ Usable with water phantoms, ▶ Dose rate independent, ▶ Ease of use and cost.

For MRT dosimetry, 4 types of films with different dose ranges and spatial resolutions have been used (see Figure 4.4): 

Film preparation

Gafchromic film sheets of 8" × 10" are cut to the pieces of 4 × 4 cm 2 for calibration, broad beam and MRT dose measurements. It is recommended to use a guillotine cutter to cut the films, however, in this study a pair of sharp scissors is used. Films are verified visually and pieces with large damages are discarded from the study. Films are handled using tissue gloves to avoid any fingerprints or scratches. Films are named and marked in order to irradiate and read all the pieces in the same orientation (see Figure 4.5). In the interval between cutting and irradiation, films are persevered in Aluminium covers to limit light exposure. It is also recommended to cut the films several days before the irradiation to allow time for maximizing their equilibrium with environment.

Irradiation setup

The film dosimetry procedure starts with calibration in which films are placed inside the RW3 cubic phantom and irradiated in reference dosimetry condition [START_REF] Prezado | Dosimetry protocol for the forthcoming clinical trials in synchrotron stereotactic radiation therapy (SSRT): Dosimetry protocol for the clinical trials in SSRT[END_REF][START_REF] Fournier | Absorbed dose-to-water protocol applied to synchrotron-generated x-rays at very high dose rates[END_REF]. In reference condition, absorbed dose from a 2 × 2 cm 2 broad beam is measured at the depth of 2 cm. Films are perpendicular to incident beam and phantom is scanned vertically to cover a vertical zone of 2 cm. The scanning speed vary from 10 to 80 mm/s and is changed to deliver desired calibration doses. Calibration doses are chosen as a function of dynamic range of film and the dose ranges that we want to measure. A non-irradiated film is also kept for each film type. The calibration points for each type of film is shown in Table 4.1. For each type of film, calibration points continue beyond their nominal dose ranges to investigate the possibility of measuring higher doses specially in peak dose areas. This idea is coming from the study conducted by Borca et al. [START_REF] Casanova Borca | Dosimetric characterization and use of GAFCHROMIC EBT3 film for IMRT dose verification[END_REF] where the author reported a saturation dose of 38 Gy instead of 20 Gy nominal value for EBT-3 film. In the ID17, the dose rate in Gy/s/mA is a function of current in storage ring. As it is mentioned in the chapter 1, the dose corresponding to this dose rate is calculated using:

𝐷 = 𝐷 × ℎ × 𝐼 𝑣 (4.1)
Where 𝐷 is dose rate per current, I the current in storage ring, v scanning speed and h vertical collimator slit size. For experiences in this chapter, a slit size of 520 𝜇m has been used and the synchrotron current was 200 mA. The typical dose rate in this configuration is around 27 Gy/s/mA. Considering the maximum scanning speed of 80 mm/s, the minimum measured dose at 2 cm is around 35 Gy. This dose is largely higher than most of the calibration doses. In order to overcome this practical issue, PMMA slabs with different thicknesses are used to attenuate the beam and decrease the dose rate (see Figure 4.6). The use of PMMA to reduce the dose rate is justified according to manufactures [194] and experimental evidences [START_REF] Casanova Borca | Dosimetric characterization and use of GAFCHROMIC EBT3 film for IMRT dose verification[END_REF] which claim that film dose response is not dependent to energy and dose rate. In order to deliver the calibration doses from 0.3 to 35 Gy, PMMA thickness from 26 to 0.5 cm are used. As it is shown in Figure 4.7 a maximum PMMA thickness of 26 cm increases the average energy of spectrum from 121 keV to 147 keV (about 20% of difference).

To perform the relative depth dose measurement, films are fixed on a RW3 slab and the slab is placed at the center of the phantom, parallel to incident beam. Otherwise for all the absolute dose measurements, films are fixed at the center of a RW3 slab and the slab is placed at desired depth of the phantom, perpendicular to incident beam (see Figure 4.8). Special attention is paid to avoid air gaps in between the phantom slabs. 

Reading out procedure

During one hour after exposure, the chemical reactions continue in active layer of the film. The response of film can vary up to 20% in the first hour. It is recommended to perform reading out procedure, 24 hours after exposure to ensure the stability of response [START_REF] Christopher | Chapter 23 Radiochromic Film[END_REF]. However, it is shown that there is no significant variations in film response 8 hours after irradiation [START_REF] Casanova Borca | Dosimetric characterization and use of GAFCHROMIC EBT3 film for IMRT dose verification[END_REF]. All the experimental dosimetry of this study were performed as a part of MRT vet preclinical studies where the quality assurance and white session (practice of treatment without patient) are done one day before the treatment. Thus, to have the dosimetry results before the treatment, films are read out nearly 12 hours after irradiation.

In order to avoid any uncertainty in film response, the exact exposure times for each piece of film are noted and the same timing is respected for reading out. For example, if film B is irradiated 5 minutes after film A, it is also read out 5 minutes after film A.

The information recorded inside the film polymer is extracted in the form of Optical Density (OD) which means films are exposed to a light source and the quantity of transmitted light is collected by a detector. Thus, the light interacting with the film has three component: 1) transmitted light through the film, 2) Scattered light which can be detected with the detector or not and 3) Absorbed light inside the film. Knowing the interaction of the light with film, OD is extracted using the following equation:

𝑂𝐷 = -𝑙𝑜 𝑔( 𝐼 𝐼 0 ) (4.2)
where I is the intensity in the irradiated film and I 0 the intensity in the non irradiated film.

Various instruments equipped with a light source and a detector can be used for film reading out: flatbed scanners, densitometers, microscopes, spectrometers, etc. In this study two reading out methods have been used:

(i) Flatbed scanner Perfection V750 Pro (Epson, Suwa, Japan) with a 2400 dpi nominal resolution corresponding to a pixel size of 10.8 𝜇m: films are scanned in transmission mode using 3 colour channels in 48 bits (Figure 4.9). (ii) Optical microscope Zeiss Axio-Vision (Oberkochen, Germany). The light source is a diode (LED) with an operating adjustable voltage. The optical microscope equipped with a x5 magnification optic. A red filter has been mounted to read the films. The detector is a 12 bits black and white CCD camera of 1040 × 1388 pixels (AxioCam MRm Rev. 3 FireWire, Zeiss) with a nominal resolution of 1.3 𝜇m. Contrary to flatbed scanner, microscope has a small field of view. Thus, films are scanned horizontally using an automated stage and one image per step is captured. All individual images are stitched together to create the whole image (Figure 4.10). The use of microscope for film dosimetry is based on a method developed by Bartzsch et al. [START_REF] Bartzsch | Micrometerresolved film dosimetry using a microscope in microbeam radiation therapy: Micrometer-resolved film dosimetry in MRT[END_REF]. According to this method, the inhomogeneity of the light field and CCD camera for each tiny image in whole image must be corrected using the following equation:

𝐼 𝑐𝑜𝑟𝑟 = 𝐼 𝑟𝑎𝑤 -𝑏𝑙𝑎𝑐 𝑘 𝑤 ℎ𝑖𝑡𝑒 -𝑏𝑙𝑎𝑐 𝑘 × 𝑤 ℎ𝑖𝑡𝑒 -𝑏𝑙𝑎𝑐 𝑘 (4.3) 
Where black and white values are averaged values from images in light-off without film mode and light-on without film mode, respectively.

In both methods, the reading out performed in a dark room in order to avoid the contamination of results with a room light. All the films are read in the same orientation and with respecting the irradiation timing.

A special attention is paid to put the MRT films aligned (having the peaks with an angle near zero to vertical axis).

Considering the resolution, flatbed scanner can be used for valley analysis, however, for peaks with a width of 50 𝜇m, a resolution of 10.8 𝜇m might lead to volume averaging effect. In contrast, the microscope with a resolution of 1.3 𝜇m can be used for both peak and valley analysis.

The microscope used for this study is only equipped with red filter. Thus, all the analyses for calibration and dose determination is done on red channel. In general according to manufactures, Gafchromic films have the highest readout sensitivity in the red light.

Analysis methods

The analyzing method used for this study is based on the methods developed by Ocadiz et al. [START_REF] Ocadiz | Film dosimetry studies for patient specific quality assurance in microbeam radiation therapy[END_REF]. Based on this method, using aforementioned digitizing procedure, the darkening level inside the film is converted to OD. To obtain the absolute doses, a calibration curve for each type of film must be established. The calibration curve has a crucial role to extract the doses accurately.

In general, Gafchromic films have a poor spatial homogeneity due to distribution of polymer in active layer. The digitizing procedure also introduces heterogeneity [START_REF] Gonzalez-Lopez | Small fields measurements with radiochromic films[END_REF]. To decrease the effect of heterogeneity, averaging the values is recommended. Based on Ocadiz et al. method, a ROI with an arbitrary size at the center of each calibration film must be chosen and the average OD value of this ROI is calculated. The calibration curve is then constructed using fitting equation:

𝐷𝑜𝑠𝑒 = 𝑐 -𝑎 × 10 𝑂𝐷 𝑏 × 10 𝑂𝐷 -1 (4.4)
With a, b, c being constants determined using the least square method. The obtained curve using fitting equation is used to relate the darkening level of each film piece to the absorbed dose.

In MRT case, the obtained dose maps are re-aligned to correct potential deviation from vertical axis. Non-aligned peaks can cause an underestimation or an over-estimation of extracted peak and valley dose value, respectively.

A horizontal profile is obtained by vertical averaging of pixels. This profile helps to locate peak and valley centers. Having the exact position of peak and valley centers, pixel values are averaged on a zone of 10 𝜇m × 400 𝜇m and 100 𝜇m × 400 𝜇m centered at the center of peak and valleys, respectively. This procedure is done on full-length peaks and valleys in order to create the separated peak and valley dose maps with a resolution of 400 × 400 𝜇m 2 as it is shown in the Figure 4.11. At the end, an average value on a zone of 2 × 2 mm 2 at the center of peak or valley dose map is reported as the peak or valley dose, respectively. This zone corresponds to 5 peaks and 5 valleys. Averaging on several peaks and valleys is applied in order to reduce the heterogeneous response of films. 

Improved protocols

Despite of the good performance of Ocadiz et al. method, during this study some improvements have been applied to reading out protocols and analysis procedures to increase the precision and reproducibility. The summary of this improvements are given below:

▶ Scanner reading out: Before scanning the calibration and dose films and after warming up the scanner, a horizontal and vertical profile of scanner light is obtained. Analyzing these profiles provide an area in which scanner has the most homogeneous light intensity. The films are then positioned in this area to minimize the uncertainties caused by scanner light.

▶ Camera displacement check in microscope: The connected camera to microscope must be perfectly aligned. Otherwise, each step on automated stage introduces a displacement which is specially visible in peak areas (see Figure 4.12). In order to minimize this effect the positioning of camera is checked by scanning a sample with vertical, horizontal and transversal lines before reading out. If the position of camera is changed accidentally during the experiment, this procedure will be repeated to ensure the alignment of camera. 

Comparisons

Comparisons in this study consists of different steps. It starts with relative and absolute comparison of calculated and measured depth doses in broad beam. Then the absolute peak and valley doses measured using microDiamond are compared to film results in square MRT field. However, positioning of microDiamond in edge-on mode is difficult and there is a high probability to introduce uncertainties due to manual alignment. Thus, after cross-validation of microDiamond, film and calculation results in a square MRT field, the experimental validation procedures are continued using Gafchromic films in symmetric and conformal MRT fields.

Comparison metrics

For experimental validation, calculated doses by penMRT and hybrid algorithm and measured doses using PinPoint IC, microDiamond and ▶ Point to point comparison is done using relative difference, ▶ Film -microDiamond comparison:

▶ 𝛿 = 𝐷 𝑓 𝑖𝑙𝑚 -𝐷 𝑟𝑒 𝑓 (𝜇𝐷𝑖𝑎𝑚𝑜𝑛𝑑) 𝐷 𝑟𝑒 𝑓 (𝜇𝐷𝑖𝑎𝑚𝑜𝑛𝑑)
, ▶ Measurement -calculation comparison:

▶ 𝛿 = 𝐷 𝑚𝑒 𝑎𝑠𝑢𝑟𝑒𝑑 -𝐷 𝑟𝑒 𝑓 (𝑐𝑎𝑙𝑐𝑢𝑙𝑎𝑡𝑒 𝑑)
𝐷 𝑟𝑒 𝑓 (𝑐𝑎𝑙𝑐𝑢𝑙𝑎𝑡𝑒 𝑑) , ▶ Hybrid -penMRT calculated dose comparison:

▶ 𝛿 = 𝐷 ℎ 𝑦𝑏𝑟𝑖𝑑 -𝐷 𝑟𝑒 𝑓 (𝑝𝑒𝑛𝑀𝑅𝑇) 𝐷 𝑟𝑒 𝑓 (𝑝𝑒𝑛𝑀𝑅𝑇)
.

Gamma index test is used for 2D comparisons:

Definition 2 : Gamma index test (see 2.

2)

▶ A pass-fail test via ellipsoid of acceptance,

▶ Γ (r,D) = Δ𝑟 2 Δ𝑑 2 𝑀 + Δ𝐷 2 Δ𝐷 2 𝑀 ≤ 1,
▶ The dose difference tolerance Δ𝐷 𝑀 and the maximal distance to agreement Δ𝑑 𝑀 define the acceptance ellipsoid, ▶ pass: Γ(𝑟, 𝐷) between 0 and 1, ▶ fail: Γ(𝑟, 𝐷) greater than 1.

Having micrometric calculated dose maps of penMRT, a script for high resolution gamma index test has also been developed. This script is capable to compare penMRT calculated and Gafchromic film measured dose maps, with an acceptance criteria of 5𝜇m/2%.

Results

The experimental validation is performed in two separated parts: 1) Relative measurements and comparisons, 2) Absolute measurements and comparisons.

Relative measurements and comparisons

In this section, calculated and measured depth doses and 2D dose maps are compared together. The measurements are performed using EBT-XD Gafchromic films. The films are then read by microscope, the necessary corrections on pixel values are made and the relative doses are extracted. Measured depth doses of broad beam, single microbeam and a microbeam array are compared to calculated doses in the same configuration. A 2D comparison is also performed on microbeam array dose maps in the form of gamma index test.

Broad beam

For relative measurement of depth dose a piece of EBT-XD film is placed parallel to incident beam at the center of RW3 phantom (Figure 4.13 (A.I)). The phantom then is scanned vertically with a broad beam of 2 × 2 cm 2 . Because of limited aperture size of microscope stage, the depth dose is measured from 0 to 3.4 cm (Figure 4.13 (A.II)). The same configuration is simulated using penMRT and hybrid algorithm. To have a comparable values with hybrid macrovoxels, at each depth, dose values are averaged on a zone of 2 mm centered at the phantom center. Depth doses are normalized to the dose at the depth of 2 cm which is the reference depth (Figure 4.13 (B.I)). Looking at the Figure 4.13 (B.II) the relative differences are less than 5%. The maximum differences are observed in 0 -0.5 cm. Less fluctuations are observed in penMRT depth doses compared to hybrid algorithm. The relative differences in between calculated doses by penMRT and hybrid method are generally less than 5% (Figure 4.13 (B.III)). 
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Single microbeam

Same as the broad beam case, a piece of EBT-XD film is placed parallel to incident beam at the center of RW3 phantom (Figure 4.14 (A.I)). The phantom then is scanned vertically with a single microbeam of 50𝜇m. The depth dose is then measured from 0 to 3.4 cm (Figure 4.14 (A.II)). The same configuration is simulated using penMRT. Simulation of a single microbeam is not possible with hybrid algorithm. To reduce fluctuations, at each depth, dose values are averaged on a zone of 10 𝜇m centered at the center of microbeam. Depth doses are normalized to the dose at the depth of 2 cm ( 

Microbeam array

Same as broad beam and single microbeam cases, a piece of EBT-XD film is placed parallel to incident beam at the center of RW3 phantom (Figure 4.15 (A.I)). The phantom then is scanned vertically with a microbeam array of 2 × 2 cm 2 . The depth dose is measured from 0 to 3.4 cm (Figure 4.15 (A.II)). The same configuration is simulated using penMRT. Simulation of microbeams individually is not possible with hybrid algorithm. To reduce fluctuations, at each depth, dose values are averaged on a zone of 10 𝜇m and 100 𝜇m centered at the center of central peak and central valley, respectively. The obtained peak and valley doses are then normalized to the dose at the depth of 2 cm ( 

2D dose map comparison

In order to compare micrometric dose distribution, an EBT-XD film is placed at the depth of 5 cm in RW3 phantom perpendicular to irradiation beam direction. Phantom is then scanned vertically with a microbeam array of 2 × 2 cm 2 (Figure 4.16 (A)). The same configuration is simulated by penMRT. To simulate microbeam array nominal values are used. The peak width is set to 50 𝜇m and the distance in between centers of two separated peaks (ctc) is set to 400 𝜇m (Figure 4.16 (B)). The measured and calculated dose maps are normalized to average value of 5 central peaks. Resulted dose maps are then compared using a gamma index test with a acceptance criteria of 5 𝜇m/2%. Gamma index test is based on a pixel per pixel comparison which needs a heavy calculation capacity in micrometric scale. Thus, two dose maps are compared on a zone of 1.5 × 20 mm 2 centered at the vertical center of maps. Looking at the (Figure 4.16 (C)), the passing rate decreases by moving away from the centre. In the seek of improving passing rate, the simulation is repeated with a ctc of 413 𝜇m. Resulted dose map is compared to measured dose map with the same gamma index test acceptance criteria. Looking at the Figure 4.16 (D) a significant improvement of passing rate is observed. The gamma index test of 5µm/2% is used to compare the micrometric dose map measured by (A) EBT-XD Gafchromic film and calculated by (B) penMRT. In (C), the simulation is performed with nominal ctc distance of 400 µm. In (D), the simulation is performed using a ctc of 413 µm.

Absolute measurements and comparisons

The PinPoint IC dosimeter and microDiamond detector are already calibrated and directly measure the absorbed dose in water. In contrast, Gafchromic films must be calibrated with the help of PinPoint IC and established calibration curves. Thus, using the aforementioned methods, calibration curves for each type of film (EBT-3, EBT-XD, MD-V3 and HD-V2) are obtained (see Figure 4.17). These calibration curves are then used to correlate the darkening of the dose films to absorbed doses. In absolute dosimetry, most of the measurements are performed at the depth of 2 cm and 5 to 10 cm. The reasons of these choices are : ▶ The depth 2 cm is the reference depth in MRT, ▶ Most of the canine lesions are observed at the depths of 5 to 10 cm.

Broad beam

For absolute dosimetry in broad beam, PinPoint IC is placed at the center of RW3 phantom at the depths of 2 -10 cm and measured values are recorded. Afterwards, EBT-3 films are fixed at the center of a RW3 slab and placed at the depths of 1 -10 cm, perpendicular to the irradiation beam (Figure 4.18 (A.I)). The phantom is scanned vertically with the beam in order to irradiate the IC or films with a broad beam of 2 × 2 cm 2 (Figure 4.18 (A.II)). A reference dose of 5 Gy is administered. The same configuration is simulated via penMRT and hybrid algorithm. The calculated values are adjust to have 5 Gy at the depth of 2 cm. For films and also simulated doses, the extracted dose is an average on a zone of 2 × 2 mm 2 at the center of the field. Figure 4.18 (B.I) shows the dose evolution as a function of depth. The calculated and measured doses are compared in the form of relative differences (Figure 4.18 (B.II)). The best agreement is observed when penMRT values are compared to IC values, with a relative difference of less than 1%. The highest differences is observed in between hybrid and film dose values with a relative differences of about 4 to 5%. In general with the relative differences less than 5%, a good agreement between different methods is observed. 
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MRT square field

In order to perform the absolute dosimetry in MRT square field, at the first step measured peak and valley dose values using microDiamond detector and four types of films are compared together at the depths of 2, 5 and 7 cm. A reference dose of 80.02 Gy corresponding to a minimum valley dose at the depth of 7 cm is administered.

On the Figure 4.19 (A) peak doses of EBT-3 and EBT-XD films at the depth of 2 cm are not shown, as the administered peak doses are higher than their dynamic range and as a consequence a saturation of response is happening. Looking at the Figure 4.19 (A) the best agreement in peak dose values belongs to MD-V3 film with a maximum relative difference of 10%. A maximum difference of about 60 % is observed in the case of HD-V2 film.

As the valley doses are highly lower than dynamic range of HD-V2 film, measured valley doses by this type of film are not shown in the Figure 4.19 (B). The best agreement is observed in EBT-3 films with a relative difference of less than 3% (Figure 4.19 (B)). The maximum valley dose difference is about 10% in the case of MD-V3 film.

Peak to valley ratios (PVDRs) vary as a function of peak or valley doses (Figure 4.19 (C)). Based on available measured peak and valley doses, at 2 cm only PVDR of MD-V3, at 5 and 7 cm PVDRs of EBT-3, EBT-XD and MD-V3 are shown. MD-V3 films represent a relative difference less than 5% at 2 and 5 cm. This difference increases to 12% at the depth of 7 cm due to its measured valley dose. The differences of 13% and 26% is observed at the depth of 5 cm in the case of EBT-XD and EBT-3, respectively. These differences is mainly caused by their measured peak doses. However, they show a relative difference less than 3% at the depth of 7 cm.

To have a better understanding about the Figure 4.19, the dose profile of each type of film at the depth of 5cm, alongside with its standard deviation is shown in the Figure 4.21. To reduce the noise effect, all the profiles are obtained by vertical averaging on a zone of 2 mm centered at the vertical center of the field (see Figure 4.20). HD-V2 film presents noticeable fluctuations at the peak centers as the peak doses are near the lower limit of its dynamic range (Figure 4.21 (C)). MD-V3 presents a satisfactory profile, with standard deviations comparable to EBT-XD and no saturation at the peak centers.

The microDiamond peak and valley measured doses are also compared to the calculated values by penMRT and hybrid method. Except for the results at depth of 7 cm, microDiamond measured higher peak doses than predicted values by hybrid and penMRT at the depths of 2 and 5 cm (see Figure 4.22 (A)). The highest and lowest relative differences are observed at 7 cm, of about 16% and 5%, in hybrid and penMRT, respectively. Looking at the Figure 4.22 (B) microDiamond measured valley doses are about 30 to 37% higher than the calculated value. The reason of this observation will be discussed in discussion section.

Results

As the differences in valley values are almost in the same range, it is the peak doses that affect the most, PVDR values. So the highest difference of about 30 to 33% is observed at the depth of 7 cm (Figure 4.22 (C)). 

Results

generally films have a tendency to measure lower peak doses than calculated values. The relative differences decrease by increasing the depth. However, MD-V3 represents a steady differences less than 10% compared to hybrid algorithm and less than about 5% compared to penMRT.

In valley dose measurements ( Calculated peak and valley doses and also PVDRs in square MRT field by hybrid algorithm and penMRT are also compared together in the Figure 4.24. A good agreement in between two independent calculation methods is observed. The maximum difference is observed in peak dose at the depth of 7 cm, where hybrid method predicts a value of 6.7% higher than penMRT. The differences in valley and PVDR values are less than 5% and 4%, respectively.

Microbeam array in conformal fields

The peak and valley doses are also measured using different types of films in conformal fields used for canine treatment with the reference doses 54.35 to 85.75 Gy. Because of non-adapted dynamic range of HD-V2 to administered dose, this type of film is excluded from our study.

Relative differences between measured peak doses and calculated values by hybrid and penMRT are shown the in the Figure 4.25 (A.I) and (A.II), respectively. Similar to square fields, films measure peak doses lower than calculations. A relative difference in the range of 6 to 23% is observed between measurements and calculated peak values by hybrid method. In general, a better agreement in between measurements and calculated values by penMRT is observed compared to hybrid method. The relative differences are mostly less than 10%. The relative difference in the case of MD-V3 is even less than about 2%. For both calculation methods, relative differences decrease by increasing the depth. Similar to square fields, films measure valley doses higher than calculations (Figure 4.25 (B.I) and (B.II)). The relative difference in both calculation algorithms are almost the same. The range of these differences are mostly in between 20 to 40%.

Because of the higher measured valley doses, PVDRs are lower than calculated values (Figure 4.25 (C.I) and (C.II)). For both calculation method the same range of relative differences is observed. In the Figure 4.26, the average of calculated peak and valley doses and also PVDRs by hybrid algorithm and penMRT in several conformal fields are compared together. A good agreement in between two calculation methods is observed. A maximum relative differences of about 10% and 13% are observed in peak doses and valley doses, respectively. In general, the relative differences in PVDR values are less than 5%. 

Discussion

In this study, the experimental validation of penMRT using different types of dosimeters is assessed.

Relative dosimetry

In the cases of relative depth dose measurements a general relative difference of around 5% is observed. In these measurements films are placed parallel to irradiation beam. The slight differences can be explained by higher attenuation of beam inside the film material compared to the water as it is proposed by Robinson et al. [START_REF] Spencer | Monte Carlo simulations of EBT3 film dose deposition for percentage depth dose (PDD) curve evaluation[END_REF]. Furthermore, having a higher or lower relative differences in between measurements and calculations depends on the normalization point. Gafchromic films have heterogeneous responses [START_REF] Gonzalez-Lopez | Small fields measurements with radiochromic films[END_REF]. So a normalization point with a dose lower than other points, may introduce a systemic bias in relative difference calculation. This effect can be observed in the Figure 4.14 (B.II) and Figure 4.15 (B.II). Due to the dose at normalization point, it seems that films measure a depth dose higher than calculated depth doses. However, choosing another normalization point may lead to relative differences of about 2.5% symmetrically distributed around zero.

A high resolution gamma index test is performed to compare the high resolution dose map of penMRT (0.005 × 1 mm 2 ) and an EBT-XD dose distribution (Figure 4.16). This comparison reveals that the real distance in between two peak centers (ctc) is 413 𝜇m instead of 400 𝜇m nominal value. Thus, for further simulations ctc distance is set to 413 𝜇m.

Absolute dosimetry

The reference method in absolute dosimetry is PinPoint IC. In broad beam case, penMRT shows the best agreement with PinPoint IC having relative differences less than 1% (Figure 4.18). Films represent relative differences up to 3% due to their heterogeneous responses. These differences are observed in broad beam irradiation where films are exposed to primary photons. This effect might be intensified in out-of-field doses such as valley dose areas, where films only receive scattered photons.

MicroDiamond is a absolute dosimeter with a micrometric resolution which can be used for both peak and valley dose measurement. For an accurate measurement, the edge of microDiamond must be placed inside the beam. In peak regions, there is mainly primary photons which interact with the microDiamond edge. However, valley regions are constructed mainly by scattered photons. These scattered photons with different angles can interact with edge or face of microDiamond. As a consequence, a dose over-estimation in valley regions are expected. The satisfactory agreement in between measured values by MD-V3 and microDiamond indicates that this type of film might be a good candidate for MRT quality assurance (Figure 4.19). On the other hand, the agreement in between films and microDiamond results in valley areas, might show the potential over-estimation of film measured valley doses. In general, an accurate dosimetry using microDiamond, requires an accurate positioning and automatic scanning inside the MRT field to obtain the dose profile. Such a system was implemented by Livingstone et al. at the Imaging and Medical Beamline (IMBL) of Australian synchrotron [START_REF] Livingstone | Characterization of a synthetic single crystal diamond detector for dosimetry in spatially fractionated synchrotron x-ray fields[END_REF]. Without an accurate controlling system and CoP for microDiamond dosimetry in the ID17 (ESRF), dose validation in this study and also quality assurance for canine trials rely on film dosimetry.

According to the results presented in Figure 4.23 and Figure 4.25, peak doses measured by MD-V3 show a good agreement (within 0 to 8%) with penMRT and also hybrid calculated values. In the case of EBT-3 and EBT-XD large differences are observed at the depths of 2 to 7 cm. Nevertheless, their relative difference decreases by increasing the depth. So one can deduce that the peak dose at shallow depths are higher than their dynamic range. The measured valley doses using EBT-3, EBT-XD and MDV-3 are generally higher than calculated values. There are some potential explanations for this observation:

(i) Reading out method: Reading out the film using microscope can potentially introduce some errors. Presence of focal point in microscope might cause the scattering of non-absorbed lights. So detector receives less light and as a consequence film data processing program extract higher values than the reality. To study this hypothesis EBT-3, EBT-XD and MD-V3 films are read using flatbed scanner and the results are compared to microscope. Looking at the Table 4.2 and Table 4.3, valley doses obtained by scanner are about 2 to 17% lower than microscope. (ii) Air gap effect: The presence of air gap can cause an under-estimation and an over-estimation in measured peak dose and valley doses, respectively. Fixing the films with nominal thickness of 270𝜇m on RW3 slabs inside the RW3 phantom can widen inter-slabs air gaps and as a consequence increase the uncertainties in measured peak and valley values. To study this hypothesis, a CT-scan of a RW3 phantom with an air gap of 1.25 mm at the depth of 1 cm in a MRT field is simulated (Figure 4.28 (A)) via penMRT. This air gap induce noticeable fluctuations in peak and valley doses at 1 cm of depth. By analyzing the Figure 4.28 (B) and (C), at the film position a maximum under-estimation of 70% and over-estimation of 40% might be observed in peak and valley doses, respectively. In real experimental conditions, we will never have millimetric sized air gaps. However, micrometric gaps also can have an effect on absorbed peak and valley doses and should be avoided as much as reasonably possible. Pellicioli et al. also reported the same effect of air gaps on peak and valley doses [START_REF] Pellicioli | Details Count! Micrometric Airgaps Between Phantom Slabs Influence Film Dosimetry When Micro-Fractionated X-Ray Beams Are Used[END_REF]. In this publication, the author estimates that a typical air gaps thickness between phantom slabs might be around 30𝜇m. In such a air gap, the peak and valley doses might be decreased up to 3% and increased up to 15-20%, respectively. (iii) Perfect Multislit collimator assumption: PenMRT uses the source replication approach which is based on the perfect multislit collimator (MSC) assumption. Therefore, the transmission, reflection and scattering of beam through the MSC blades are neglected (see Figure 4.27). These reflected and multiple scattered photons can contaminate valley regions [START_REF] Pellicioli | Study of the X-ray radiation interaction with a multislit collimator for the creation of microbeams in radiation therapy[END_REF][START_REF] J C Crosbie | A method of dosimetry for synchrotron microbeam radiation therapy using radiochromic films of different sensitivity[END_REF]. In the chapter 2 (see Figure 2.15), the dose profile obtained with source replication approach is compared to a complete simulation of MSC. The use of perfect MSC assumption causes an under-estimation of about 1% in valley doses which cannot explain the differences observed in the present study. However, non-perfect MSC blades can have significant effect on valley doses. The Figure 4.29 shows a measured distorted valley during an experiment in the ID17. To quantify the amplitude of this distortion, the integral under P1 and P2 in Figure 4.29 (C) is calculated. The P2 to P1 integral ratio is 32%. This observation shows that the imperfections in MSC blades can increase significantly the valley doses. Nevertheless, without having geometrical information about these defective MSC blades, it is not possible to simulate them. The effect of MSC on peak and valley doses has been studied by Pellicioli et al. [START_REF] Pellicioli | Study of the X-ray radiation interaction with a multislit collimator for the creation of microbeams in radiation therapy[END_REF]. In this publication, the observed relative differences of 10 to 30% between calculated and film-measured peak and valley doses are related to the perfect MSC assumption in calculation engines. To summarize qualitatively and quantitatively our film dosimetry study it is important to have in mind the differences between the potential candidates for MRT film dosimetry and to hypothesise on the differences that are found between calculated and measured doses.

Discussion

Which Gafchromic films for MRT film dosimetry?

In this work different types of films are compared together in order to find the best candidate for MRT quality assurance and dose validation. Practical aspects of these films are compared in the Table 4.4. Based on our measurements, peak doses can be measured using MD-V3 films with an acceptable accuracy. MD-V3 has a dose dynamic range adapted to MRT preclinical and clinical usages. Nevertheless, this type of films are more expensive than other types. It is difficult to cut and as a consequence the probability of damages due to cutting procedure increases. So for further usages, authors suggest to use a guillotine cutter. Also because of thickness of polyester base, it is difficult to zoom on active layer under the microscope. Other possibility is to use EBT-XD. The use of EBT-XD depends on prescribed dose and the measurement depth depth. In the dose ranges used for this study, a saturation of response is observed at the depth of 5 cm. Furthermore, the results obtained by EBT-XD are less reproducible than MD-V3 (one example is shown in the Figure 4.25 (A)).

Differences between calculations and measurements:

Looking at the Table 4.5, measured peak doses are typically around 5% lower than calculated ones. The measured valley values are around 25% and 20% higher than calculated ones, when they are read via microscope and scanner, respectively. To explain these differences, several hypothesis can be proposed:

Table 4.5: Average differences between calculated and film measured peak and valley doses.

Hypothesis 1: The reading out via microscope might cause an overestimation of valley doses up to 10% due to its focal point and light scattering. The 10% value is suggested by the valley doses differences observed when performing a microscope readout compared to a scanner readout. Better agreement in valley doses were found using a microdensitometer readout [START_REF] Martínez-Rovira | Monte Carlo-based treatment planning system calculation engine for microbeam radiation therapy: MC-based TPS calculation engine for MRT[END_REF][START_REF] Pellicioli | High resolution radiochromic film dosimetry: Comparison of a microdensitometer and an optical microscope[END_REF]. To study the effect of reading out method, films will be read using a three channel microscope and also a scanner with a higher spatial resolution.

Hypothesis 2: From lower measured peak values and higher measured valley values, one can hypothesize that there is a fraction of peaks which arrives in valley regions. That might be explained by photon reflections on MSC blades. This phenomenon is shown in the Figure 4.30. In this effect, primary photons are reflected within small angles. The energy of reflected photon is equal to the primary ones. The absorbed dose of these reflected photons might be distributed in the valley regions. Considering the peak area to total area ratio (50/400) a 10% of reflected photons could cause a dose increase of about 25% in valley regions. This phenomenon could superimpose with additional transmission or scattering effects due to MSC defects. However, the later is difficult to quantify and might vary from peak to peak and valley to valley. To study our hypothesis about the effect of reflected photons on peak and valley regions, the measurements will be repeated via a MSC with a spacing higher or lower than 400𝜇m.

If the observed differences between calculated and measured peak and valley doses come from reflected photons, with a fixed aperture of 50𝜇m, an increased or decreased spacing will decrease or increase measured valley doses, respectively.
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Hypothesis 3: The micrometric air gaps between the phantom slabs might decrease the peak doses up to 3% and increase the valley doses up to 20%. These differences will be increased by increasing the air gap width [START_REF] Pellicioli | Study of the X-ray radiation interaction with a multislit collimator for the creation of microbeams in radiation therapy[END_REF].

A potential solution could be to get PVDRs at various depths using a microDiamond [START_REF] Livingstone | Experimental optimisation of the X-ray energy in microbeam radiation therapy[END_REF]. Afterward, for patient quality assurance procedure, peak doses can be checked using MD-V3 films and valley doses can be deduced from PVDRs obtained using the microDiamond.

Conclusion

Calculated doses by penMRT are validated by different types of dosimeters. In broad beam dosimetry, penMRT shows a better agreement with ionisation chamber (reference dosimetry method) measurements compared to hybrid algorithm. Using penMRT high resolution calculated dose maps, the study of individual peaks and valleys is possible. A robust and reproducible platform also is developed for film data analysis. The reading out protocols are improved to reduce the uncertainties due to digitizing. These protocols and data analysis platform can be used whenever the dosimetry is performed on small fields. The cross validations of calculated doses with measured doses in MRT field shows an acceptable agreement within uncertainties intervals in peak doses. A systematic difference between calculated and measured valley doses is observed.

Several hypotheses have been proposed to explain the source of these differences. The cross-validations of measured values using different types of Gafchromic films also shows that MD-V3 is the most adapted film for MRT quality assurance. The two main scientific axes of this PhD thesis were (i) the dose calculation for synchrotron microbeam treatments (MRT) at high resolution and (ii) experimental dosimetry studies to benchmark the simulations.

General discussion

Axis I: Dose calculations issues in MRT

MRT will soon reach the clinical stage. Understanding the correlation between radiobiological mechanisms and physical absorbed dose is a bridge to predict the treatment outcome and safely prescribe the dose [START_REF] Fernandez-Palomo | Should Peak Dose Be Used to Prescribe Spatially Fractionated Radiation Therapy?-A Review of Preclinical Studies[END_REF]. For this reason, penMRT, a pure Mont Carlo multi-scale dose calculation engine for MRT has been developed with the main advantage and disadvantage relative to full MC dose calculation codes being:

▶ Advantage: A full MC method is considered a gold standard in medical physics. With no or little approximations when compared to model based calculation engines, the uncertainties are minimized and the accuracy is much higher, especially for complex treatments such as MRT ▶ Disadvantage: A full MC method is time consuming. This study highlights the reliability and high potentials of penMRT to address medical physics issues in MRT. Using its high resolution dose maps, differential high resolution DVHs are extracted. These DVHs could be used to relate the physical doses to the observed biological effects from radiobiology studies. For the first time, the efficiency of MRT treatment is correlated to absorbed doses based on DVHs analysis. An absorbed dose interval that should reach into the target has been found, with which the treatment outcome can be potentially predicted. Nevertheless, the physical dose -biological effect in this study is only a preliminary attempt to test the potential usages of penMRT. Further, in vivo studies such as the one performed by Eling et al. [START_REF] Eling | Unexpected Benefits of Multiport Synchrotron Microbeam Radiation Therapy for Brain Tumors[END_REF] are required to verify and optimize the dose interval proposed in this medical physics study.

PenMRT is accelerated using approaches that do not affect the accuracy of calculation. Today, penMRT is capable of performing MRT dose calculations in a patient within 6 to 30 hours. This time interval is compatible with clinical usages. However, sometimes treatment plans must be optimized to find the best configuration for limiting the side effects or/and inducing more efficient dose in the target volume. One can deduce that performing several iterations based on penMRT calculations for optimization of treatment plans will exceed time limits in a clinical framework. To overcome this issue, one idea is to perform fast dose calculation and treatment plan optimization using the hybrid algorithm [START_REF] Donzelli | Introducing the concept of spiral microbeam radiation therapy (spiralMRT)[END_REF]. Once the treatment plans are optimized and confirmed by medical physicists and radiation oncologists, a high resolution calculation will be performed by penMRT. The detailed calculated dose distribution of penMRT will help in prescribing a safe dose and predicting treatment efficiency and toxicity. Another idea for treatment plan optimization and fast calculation is to develop a fast high resolution kernel-based calculation method.

Fast-penMRT for fast treatment plan optimization

Fast-penMRT is based on convolution/superposition methods where the absorbed dose is derived from convolution of TERMA and dose kernels. In this study dose kernels are obtained from analytical models. The convolution/superposition algorithms usually separates the energy transport of the primary unscattered photons from the energy transport of scattered photons and electrons. To develop Fast-penMRT, a threefold separation is implied on photon kernel: 1) primary photons, 2) first scattering and 3) multiple scattering. As a consequence the total dose consists of three components:

𝐷 = 𝐷 𝑝 + 𝐷 𝑠 + 𝐷 𝑚 (5.1)
Where D 𝑝 , D 𝑠 and D 𝑠 are primary, first scattering and multiple scattering doses, respectively. The dose is then calculated by convolution of primary fluence (𝜙 𝑝 ) and three separated kernels:

𝐷( - → r ) = ∭ 𝑉 𝜙 𝑝 ( - → s ).[𝑘 𝑝 ( - → r -- → s ) + 𝑘 𝑠 ( - → r -- → s ) + 𝑘 𝑚 ( - → r -- → s )].𝑑𝑉 (5.2)
The primary dose kernel (k 𝑝 ) describes the transport of absorbed energy from secondary particles (electrons) created in primary photon interactions. The first scatter dose kernel (k 𝑠 ) describes the spatial distribution of the deposited energy by the single scattered photons. The multiple scattering kernel (k 𝑚 ) models the distribution of photons undergoing higher scattering using diffusion theory [START_REF] Boyer | A photon dose distribution model employing convolution calculations: A photon dose distribution model[END_REF]. This algorithm is used to estimate the depth dose induced by broad beam of 2 × 2 cm 2 and a single microbeam of 50𝜇m × 2 cm in water phantom. The performance test is performed using a mono-energetic beam of 121 keV. The same configurations are simulated by penMRT. Depth doses calculated by these two methods are normalized to the dose at a depth of 2 cm and compared in the Figure 5.1.

Looking at the Figure 5.1 (A.I) and (A.II), a good agreement between Fast-penMRT (convolution-based) and penMRT is observed. The relative differences in between 0 to 15 cm is less than 5%. At the top and bottom of the phantom the relative difference increases up to 20%. This increase can be explained by the limitations of convolution-based methods regarding energy transport at the interfaces. In the case of a single microbeam (Figure 5.1 (B.I) and (B.II)), the relative difference between penMRT and convolution-based method does not exceed 5%.

In general Fast-penMRT showcases satisfying results for infield estimations, where the overall deviation does not exceed 5% from pure MC simulations. However, for out-of-field estimations, Fast-penMRT overestimates the deposited dose due to the shape of its calculation grid. Fast-penMRT is able to calculate the dose distribution at a micrometric scale. Because of necessary approximations for a kernel-based method, it has a limited accuracy. It is 10 times faster than hybrid method and 60 times faster than penMRT. Although, thanks to its improved multiple scattering model, Fast-penMRT has a higher accuracy than the already developed kernel-based method for MRT [START_REF] Debus | A point kernel algorithm for microbeam radiation therapy[END_REF]. Thus, Fast-penMRT is a fast high resolution calculation engine with an acceptable accuracy to be used for treatment plan optimization.

Fast-penMRT has been developed by Yacine BENCHEIKH under supervision of the author in the context of a medical physics master research project. As a follow up to this work, we seek to improve out-of-field estimations by mean of an adapted calculation grid and to apply this model to an array of microbeams.

Toward a penMRT-based treatment planning system

In the future, both penMRT and Fast-penMRT should be included in a commercial treatment planning system (e.g, RayStation, RaySearch Laboratories AB, Stockholm, Sweden) or an open source solution (e.g, 3D Slicer [203]). The beam shapes and beam ballistics will be converted directly to entry files for simulations. Afterwards a fast dose calculation will be performed by Fast-penMRT. After necessary optimizations on treatment plans and validation by medical physicist, penMRT will be used to perform a detailed multiscale dose calculation.

Axis II: Experimental dosimetry aspects in MRT

Several experimental dosimetry methods have been proposed for MRT and include solid state detectors [START_REF] Davis | Evaluation of silicon strip detectors in transmission mode for online beam monitoring in microbeam radiation therapy at the Australian Synchrotron[END_REF][START_REF] Brace | Evaluation of the PTW microDiamond in edge-on orientation for dosimetry in small fields[END_REF], radiochromic films and 3D dosimeters such as PRESAGE material [START_REF] Mcerlean | High resolution 3D dosimetry for microbeam radiation therapy using optical CT[END_REF]. For absolute dose and 1D measurements; the microDiamond detector is the state of the art dosimeter for MRT [START_REF] Livingstone | Characterization of a synthetic single crystal diamond detector for dosimetry in spatially fractionated synchrotron x-ray fields[END_REF]. For 2D measurements film dosimetry using

Gafchromic films has proven its potential in the past decade [START_REF] Ocadiz | Film dosimetry studies for patient specific quality assurance in microbeam radiation therapy[END_REF][START_REF] Bartzsch | Micrometerresolved film dosimetry using a microscope in microbeam radiation therapy: Micrometer-resolved film dosimetry in MRT[END_REF][START_REF] Pellicioli | High resolution radiochromic film dosimetry: Comparison of a microdensitometer and an optical microscope[END_REF] for quality assurance in MRT. It is proven in this PhD that using a suitable type of films with a dynamic range compatible with the absorbed doses in the peaks, it is possible to measure peak doses within an acceptable interval of uncertainties.

The physical properties of the films, and thus their response to a given irradiation, change slightly from batch to batch, right out of the factory.

In addition, although the materials are designed to be durable, their properties may vary with the age of the batch, storage conditions, or time spent in the light. For all these reasons, it is necessary to establish a calibration curve for each series of measurements, even if the films come from the same batch. To have a complete calibration curve for the films with extended dynamic range such as EBT-3 (when it is used outside its optimal range), EBT-XD and MD-V3, at least 20 calibration points are needed. As a part of MRT trials, generally about ten measurements are dedicated to MRT fields. In term of material and time a 1/3 ratio of measurement to calibration procedure is necessary. To overcome this issue the idea of training a neural network dedicated to film dosimetry has been proposed. This neural network will be used to predict the calibration curve by taking into account a non-irradiated film from the same session of film dosimetry. Looking at the literature, a few neural networks have been developed and trained in the context of dosimetry for radiotherapy [START_REF] Sun | Deep-dose: a voxel dose estimation method using deep convolutional neural network for personalized internal dosimetry[END_REF][START_REF] Chang | Calibration of the EBT3 Gafchromic Film Using HNN Deep Learning[END_REF][START_REF] Zhuang | A trial for EBT3 film without batch-specific calibration using a neural network[END_REF].

A neural network for calibration

The network developed for this project is a Deep Neural Network (DNN).

The number of neurons on the input layer will depend on the number of variables used to model the problem. The final number of hidden layers and the number of neurons they contain will be determined later, but we started with a 3 layers network.

Thanks to several experiments for MRT trials in between 2017-2022, we have a considerable database on EBT-3 films. Thus, for now the network is only trained on this type of film. The database is divided into two groups: 75% for the training group and 25% for the evaluation group. The implementation of the DNN is done in python using Keras API included in Tensorflow package.

Random films are removed from the database and the rest are used as training data. After training, the films are then provided as input to the network so that it proposes an associated dose value. Thus, each of these films are confronted with the network as data to be predicted. The result of this test show that the prediction error is larger for the films irradiated at less than 1 Gy, in particular those irradiated at 0.3 Gy (see Figure 5.2). This could explain, at least in part, the systematic error found by the experimenters when measuring the valley doses.

According to our analysis it seems that the data coming from the nonirradiated films has a key role for prediction. The reason might be that the non-irradiated film provides important information about polymer distribution inside the active layer. This neural network has been developed by Gaëtan LEMAIRE under supervision of the author in the context of a medical physics internship. The aim of the internship was to accelerate the film dosimetry procedure using DNN generated calibration curves. However, the interesting results obtained by analyzing the DNN responses also helped us gaining a better understanding of the effect of dose range and polymer distribution on measured values via Gafchromic films. In the future, we will explore the idea of a convolutional neural network to process an image as a whole rather than a few quantities calculated on it. This neural network will also be trained on the other types of the Gafchromic films. Using this approach film dosimetry would be performed without calibration procedure. The irradiation, reading out and analysis will be performed three times faster and the uncertainties due to calibration curve will be reduced.

General conclusions

In this PhD thesis, penMRT, a pure Monte Carlo high resolution dose calculation engine has been developed. This engine is based on PENELOPE MC code and modified to take into account the voxelized geometry of the patients (CT-scans) and offer an adaptive micrometric dose calculation grid independent of the CT voxel size. The cross-validation of penMRT generated dose maps with already validated general purpose main programs (penmain based on PENELOPE and Gate based on Geant4) highlights its reliability for use in complex irradiation conditions in MRT. This work has been published in 2022 in Medical Physics [START_REF] Keshmiri | A high-resolution dose calculation engine for X-ray microbeams radiation therapy[END_REF].

The use of penMRT as a powerful tool to perform treatment planning in preclinical and veterinary trials has been shown in this PhD. The satisfactory agreement between penMRT extracted peak and valley dose maps and the hybrid dose calculation method is an added value as they are independent algorithms that could be used in MRT planning and verification. The high resolution DVHs from MRT are of particular interests if one wants to correlate the physical absorbed dose to the biological data. The proof of concept of such a correlation has been established on previously published rodent trials. The detailed DVHs obtained from penMRT bring a significant added value in understanding the efficiency and toxicity of MRT treatments. As a conclusion the hybrid dose calculation algorithm, despite its spatial resolution restricted to the voxel size, could be used in combination with penMRT calculation for treatment plan optimizations followed by high resolution calculations and microscopic dose distributions assessment in the target volumes and OARs.

The experimental benchmarking of penMRT has been performed using ion chambers, microDiamond detectors and Gafchromic films. The comparison between penMRT calculated values and measured values using the calibrated PinPoint chamber in broad beams shows an excellent agreement. For film dosimetry, a set of protocols and a robust and reproducible platform has been developed to calibrate and analyze the Gafchromic films. A good agreement between calculated and measured peak doses is observed, using MD-V3 films at treatment depths (relative difference<5%). A systematic difference between calculated and measured valley doses has been shown. Several hypothesis have however been proposed to explain the possible sources of these differences as well as some potential solutions to reach a better agreement.

This work sets an important cornerstone in the path towards the MRT clinical trials. MRT pushes the medical physics issues in external beam radiotherapy towards their theoretical limits. PenMRT, by offering a high resolution treatment planning tool, will be at the core of the medical physics suite that is currently being developed by an international consortium aiming at transferring MRT to clinics. 
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Summary English

Microbeam radiation therapy (MRT) is a treatment modality based on spatial fractionation of synchrotron generated x-rays into parallel, high dose, microbeams of a few microns width. MRT leads to high dose gradients replicated at a micrometric scale inside the irradiation field to induce the dose-volume effect.

Promising preclinical results of MRT on brain tumors and epilepsy encourage its clinical transfer. The present work reports advances toward a safe clinical transfer of MRT. For clinical transfer of MRT, its underlying radiobiological mechanisms must be known. The efficiency and the risks of treatment should also be evaluated. Having a high gradient micrometric dose distribution, it is necessary to provide a precise calculated dose map in micrometric scale. For this reason a multi-scale full Monte-Carlo dose calculation engine called penMRT has been developed and cross validated to other calculation methods. PenMRT takes into account the voxelized geometry of the patients (CT-scans) and offers an adaptive micrometric dose calculation grid independent to the CT size. Using penMRT, high resolution differential dose-volume histograms can be extracted and correlated to biological data. An experimental dosimetry validation has also been performed. Different dosimeter types have been cross-validated to introduce the most relevant dosimeter for MRT quality assurance. Furthermore, a package consisting of calculation methods and analysis methods is also prepared to accelerate the calculations and experimental measurements.

Français

La radiothérapie par microfaisceaux (MRT) est une modalité de traitement basée sur le fractionnement spatial des rayons X générés par le synchrotron en microfaisceaux parallèles, à forte dose et de quelques microns de largeur. En MRT des gradients de dose très élevés sont reproduits à une échelle micrométrique à l'intérieur du champ d'irradiation pour induire l'effet dose-volume. Les résultats précliniques prometteurs de la MRT sur les tumeurs cérébrales et l'épilepsie encouragent son transfert clinique. Le présent travail fait état d'avancées vers un transfert clinique sûr de la MRT. Pour le transfert clinique de la MRT, ses mécanismes radiobiologiques sous-jacents doivent être connus. L'efficacité et les risques du traitement doivent également être évalués. Avec une distribution micrométrique de la dose à gradient élevé, il est nécessaire de fournir une carte de dose calculée précise à l'échelle micrométrique. C'est pourquoi un outil de calcul de dose Monte-Carlo complet et multi-échelle appelé penMRT a été développé et validé par rapport à d'autres méthodes de calcul. PenMRT prend en compte la géométrie voxélisée des patients (scans CT) et offre une grille de calcul de dose micrométrique adaptative indépendante de la taille des pixels CT. En utilisant penMRT, des histogrammes dose-volume différentiels à haute résolution peuvent être extraits et corrélés aux données biologiques. Une validation expérimentale de la dosimétrie a également été réalisée. Différents types de dosimètres ont fait l'objet d'une validation croisée afin d'introduire le dosimètre le plus pertinent pour l'assurance qualité de la MRT. En outre, un ensemble de méthodes de calcul et d'analyse est également préparé pour accélérer le calcul et les mesures expérimentales.
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 12 Figure 1.2:The medical physics challenge in radiotherapy is widening the therapeutic window by increasing the TCP and decreasing the NTCP ( inspired by[START_REF] Chargari | Optimize and refine therapeutic index in radiation therapy: Overview of a century[END_REF]).
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 13 Figure 1.3: Different strategies to induce more efficient tumoral dose and to limite the collateral damages ( inspired by [13]).
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 14 Figure 1.4: Spatial fractionated radiotherapy using grid. (A) Metallic Grid. (B) The dose distribution on the patient chest.
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 15 Figure 1.5: Dose-volume effect: 4000 Gy of 25 𝜇m tissue is intact whilst by 280 Gy of 1 mm width beam causes tissue destruction (inspired by[START_REF] Zeman | Histopathologic Effect of High-Energy-Particle Microbeams on the Visual Cortex of the Mouse Brain[END_REF] and[START_REF] Curtis | The Use of a Deuteron Microbeam for Simulating the Biological Effects of Heavy Cosmic-Ray Particles[END_REF]).

Figure 1 . 7 :

 17 Figure 1.7: The x-ray energy distribution at wiggler position before filtering.

Figure 1 . 8 :

 18 Figure 1.8: Energy spectrum used for rodents and large animal in preclinical phase at the ID17 (ESRF).

Figure 1 . 9 :

 19 Figure 1.9: The production of microbeams from synchrotron to multislit collimator.

Figure 1 . 10 :

 110 Figure 1.10: The high dose regions are called peaks which are separated by low doses areas (valleys) with a pitch of 400 𝜇m.

Figure 1 . 11 :

 111 Figure 1.11: (A) Ten irradiation incidences to fully cover a target with diameter of 5 mm (shown with a red dashed circle). (B) Quasi total coverage of target with peaks.

Figure 1 . 12 :

 112 Figure 1.12: (A) Large vessels in normal tissue compared to (B) microvascularisation in tumors. (inspired by [48])

Figure 1 . 13 :

 113 Figure 1.13: Clinical transfer procedure of MRT.

Figure 1 . 14 :

 114 Figure 1.14: Illustration of multislit collimator design (A) in a x-ray tube designed for MRT and (B) in synchrotron.

Figure 1 . 15 :

 115 Figure 1.15: Illustration of ring-design carbon nano tubes for spiral MRT. A schematic of segmented ring configuration with 24 linear segment sources equally spaced within the ring [88].

Figure 1 . 16 :

 116 Figure 1.16: A region of interest is covered by (A) two, (B) five and (C) seven irradiation incidences. In all three scenarios, the valley dose is kept fixed at 10 Gy.

Figure 1 . 18 :

 118 Figure 1.18: Comparison of mass attenuation coefficients of different potential MRT dosimeters [99].

Figure 1 . 19 :

 119 Figure 1.19:A microDiamond detector irradiated on edge-on mode[START_REF] Brace | Evaluation of the PTW microDiamond in edge-on orientation for dosimetry in small fields[END_REF].

Figure 1 . 20 :

 120 Figure 1.20: Dose calculation algorithms with respect their accuracy. In model based methods, PBC: pencil beam convolution, AAA: analytical anisotropic algorithm, CCC: collapsed cone convolution.

Figure 1 . 21 :

 121 Figure 1.21: Smearing out the dose in interfaces because of the hypothesis of locally homogeneous material [54]. The terms "SPKA" and "CPKA" refer to depth dose curves obtained using Sperposition Point Kernel Algorithm and Convolution Point Kernel Algorithm, respectively.

Figure 1 . 22 :

 122 Figure 1.22: Inaccuracy of Klein Nishina in prediction of cross section for energies lower than 30 keV [111].

Figure 1 . 23 :

 123 Figure 1.23: A cross fire radiation geometry in a cubic water equivalent phantom and the peak and valley macroscopic dose maps reproduced by hybrid method. As it is shown the micrometric dose pattern is lost [87].

Figure 1 . 24 :

 124 Figure 1.24: The position of two markers placed on the thermo-formable mask of a canine patient is shown with cyan and pink circle.

Figure 1 . 25 :

 125 Figure 1.25: Peak to Mean Valley DoseRatio is the ratio between the mean doses in the peak region and in the valley region (inspired by[START_REF] Anderson | Evaluation of dose-volume metrics for microbeam radiation therapy dose distributions in head phantoms of various sizes using Monte Carlo simulations[END_REF]).

  Figure 1.26.

Figure 1 . 26 :

 126 Figure 1.26: The timeline of different steps of this PhD thesis.

Figure 2 . 1 :

 21 Figure 2.1: Macroscopic dose rendering by hybrid method [87]. (A) The shape of conformal field, (B) peak dose map and (C) valley dose map of the conformal field.

Figure 2 . 2 :

 22 Figure 2.2: The schematic presentation of voxelized (dog) and quadric (bone) geometries.

Figure 2 . 3 :

 23 Figure 2.3: (A) Block-diagram of penmain released by Salvat et al. [119]. (B) Block-diagram of penMRT highlighting voxelized geometry processing alongside with quadric geometry and parallelization.

Figure 2 . 4 :

 24 Figure 2.4: Geometric characteristics of penMRT. (A) A quadric geometry (B) or/and a voxelized geometry can be taken into account. A source replication option is added to penMRT in order to discard the need to model the multislit collimator. A typical synchrotron generated x-ray filtered spectrum, as used in small animals studies, is represented on the left.

Figure 2 . 5 :

 25 Figure 2.5: Multi-scale dose calculation grid configuration. The green arrow represents the direction of the incident beam. Zone (I), zone (II)and zone (III) represent the high, medium and low resolution regions, respectively. (A) An example of multi-scale dose calculation grid in which the dose information in the beam entrance and after the target is not needed to be rendered at a micrometric resolution. The high resolution calculation grid is confined to the center of the phantom. (B) Same as "A" but with a 45 degrees beam angle. The grid is rotated to remain perpendicular to the beam axis. (C) The dose map obtained in the "B" configuration is rotated to be presented in the same coordinates as the reference orientation. (D) Post-processing operation performed on the dose map shown in "C"; the dose map is resampled to be presented in an orthonormal grid.

Figure 2 . 6 :

 26 Figure 2.6: Peak and valley dose maps are extracted from high resolution dose map based on Ocadiz et al. method [62].

Figure 2 . 7 :

 27 Figure 2.7: The geometry of beamline component simulation. A virtual detector at each check point position records the evolution of energy spectrum.

  (i) For irradiations with a rectangular homogeneous 2 × 2 𝑐𝑚 2 radiation field (broad beam): Penmain and Gate simulations were done in a quadric (Figure 2.4 (A)) water phantom (18 × 18 × 18 𝑐𝑚 3 ) and were manually parallelized on 10 CPUs. PenMRT simulations were carried out on a voxelized (Figure 2.4 (B)) water phantom (18 × 18 × 18 𝑐𝑚 3 ) with the parallelization performed using OpenMPI on 10 CPUs. To have an acceptable uncertainty, 10 10 particles are simulated. Doses were scored in bins of 0.5 × 1 × 1 𝑚𝑚 3 and a zone of 180 (X direction) × 180 (Y direction) × 180 (Z direction) 𝑚𝑚 3 centered at the center of the radiation field was covered by the dose grid. The calculation was done in about 1.2 × 10 7 voxels. (ii) For irradiations using a single microbeam (50𝜇m × 2cm radiation field) in quadric and voxelized water phantom (Figure 2.4) : The simulation parameters and parallelization are the same as in (i).The comparisons were done on a single microbeam, because both penmain and Gate are neither capable of replicating the radiation source nor take into account the huge number of voxels which is necessary to cover the entire radiation field. Doses were scored in bins of 0.005 × 1 × 1 𝑚𝑚 3 , where the 0.005 mm dimension is perpendicular to the microbeam axis. A zone of 0.8 (X direction) × 180 (Y direction) × 30 (Z direction) 𝑚𝑚 3 centered at the center of the irradiation field was covered by the dose calculation grid. The calculation was done in about 1.3 × 10 6 voxels.

Figure 2 . 8 :

 28 Figure 2.8: Energy spectrum obtained by penMRT is compared to energy spectrum from analytical calculation using Oasys software.

Figure 2 . 9 :

 29 Figure 2.9: Cross validation of dose maps and dose profiles obtained by penmain, Gate and penMRT in a water phantom irradiated by a 2 × 2 𝑐𝑚 2 broad beam field at a depth of 2 cm. (A) 2%/1mm relative gamma index test where the dose map of penmain as the reference is compared to penMRT (C1=C2=0.1). (B) Comparison of horizontal dose profiles, (C) Relative difference between horizontal dose profiles obtained by penMRT, penmain and Gate (reference: penmain with C1=C2=0.01, 0.1 and Gate, respectively.) (D) Comparison of vertical and horizontal dose profiles obtained with penMRT, penmain (C1=C2=0.1) and Gate. (E) Relative difference between vertical dose profiles obtained by penMRT, penmain and Gate (reference: penmain with C1=C2=0.01, 0.1 and Gate, respectively).

Figure 2 . 10 :

 210 Figure 2.10: Cross validation of dose maps obtained by penmain, Gate and penMRT in a water phantom irradiated by a 50𝜇m × 2cm single microbeam field. (A) Relative gamma index test of 2%/5𝜇m where the dose map of penmain as the reference is compared to penMRT (C1=C2=0.1). (B) Horizontal profiles obtained by penMRT, Gate and penmain. (C) Relative difference between penMRT, penmain and Gate (reference: penmain with C1=C2=0.01, 0.1, and Gate, respectively).

Figure 2 .

 2 Figure 2.11: (A) PDDs in broad beam obtained by penmain and penMRT with C1 and C2 values of 0.01, 0.05 and 0.1 and Gate. (B) Relative difference between PDD of penMRT/penmain (reference: penmain with C1=C2=0.01 and 0.1) and penMRT/Gate in the broad beam. (C) PDDs in a single microbeam obtained by penmain and penMRT, with C1 and C2 values of 0.01, 0.05 and 0.1 and Gate, (D) Relative difference between the PDD obtained by penMRT/penmain (reference: penmain with C1=C2=0.01 and 0.1) and penMRT/Gate in the single microbeam.

Figure 2 .

 2 Figure 2.12: (A) Dose map for a 2 × 2 𝑐𝑚 2 MRT irradiation field. The position of the horizontal dose profile is shown with a dashed line. (B) Horizontal dose profile at 2 cm of depth. (C) Central peak (D) Central valley PDD.

Figure 2 . 14 :

 214 Figure 2.14: Disadvantage of dose map replication method. The pink object is a heterogeneity.

Figure 2 .

 2 Figure 2.13: (A) Comparison of horizontal MRT profiles in a field created by pen-MRT and the fields created using single microbeam replication in penmain and Gate. (B) A zoom on horizontal profile. (C) The relative difference between penM-RT/penmain and penMRT/Gate horizontal profiles.

Figure 2 .

 2 Figure 2.15: (A) Comparison of dose profiles (zoom on the central peak and valley) obtained by source replication approach and modeling a multislit collimator in a water phantom irradiated by a 2 × 2 𝑐𝑚 2 MRT field at a depth of 2 cm (standard deviation of 2 sigma is demonstrated in this figure).(B) Relative difference of dose profiles of simulated by source replication approach and multislit collimators.

Figure 2 . 16 :

 216 Figure 2.16: Simulation of a multi-directional treatment. (A.I) A cross-fired dose map given by penMRT, (A.II) The penMRT differential dose volume histogram on a region of interest of 1 × 1 × 0.1 𝑐𝑚 3 . (B.I) A cross-fired dose map given by a penmain. (B.II) The penmain differential dose volume histogram on the same region of interest. (C) Q-Q plot to investigate the similarity between A.II and B.II.

  . The dose values are however available as shown on the zoomed figure, where display artifacts are no longer seen.

Figure 2 . 17 :

 217 Figure 2.17: Dose maps in X-Y plan for irradiation fields of 2 × 2 𝑐𝑚 2 , where X is the horizontal direction perpendicular to the microbeam array direction and Y is representing the depth dose plan. The high resolution grid of 0.005 (X direction) × 1 (Y-direction) × 1 (Z-direction) 𝑚𝑚 3 covers a 3 × 6 × 3 𝑐𝑚 3 zone and the medium resolution dose grid of 1 × 1 × 1 𝑚𝑚 3 covers a 18 × 18 × 18 𝑐𝑚 3 of the water phantom. The direction of beam propagation is shown with a green arrow. (A.I) The macroscopic vision of the irradiated zone with a single MRT field showing micrometric and millimetric dose calculation grids on the same axis. (A.II) A zoom on a high-resolution region at the center of figure. (A.III) Differential dose-volume histogram (dDVH) of a region of interest (ROI) irradiated by a single MRT field. To have a better visualization, a zoom on higher dose region is given. (B.I) The macroscopic visualization of the irradiated zone by three MRT fields (0°, 35°a nd 90°incidences). (B.II) A zoom on a ROI with high resolution. The dose hot spots from two and three crossing peaks can be seen here. (B.III) dDVH of a ROI in three irradiation field treatment with a zoom on higher dose area.
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 32 Figure 3.2: MRI image registered to CT image [161].

Figure 3 . 1 :

 31 Figure 3.1: The standard patient workflow in radiotherapy starts with (A) morphological and functional data acquisition, (B) image registration and contouring the target volume and also organs at risks, (C) beam definition and ballistics designs, (D) dosimetry and optimization of treatment plan and it ends with (E) irradiation.

Figure 3 . 3 :

 33 Figure 3.3: The schematic view of target volumes and organs at risk based on ICRU definitions.

Figure 3 . 4 :

 34 Figure 3.4: The standard workflow in radiotherapy (A) CT and MRI imaging, (B) image registration and contouring of PTV and OAR, (C) beam shaping and ballistics design , (D) dosimetry and optimization of treatment plan, (E) irradiation.

Figure 3 . 5 :

 35 Figure 3.5: CIRS 62M phantom.

Figure 3 . 6 :

 36 Figure 3.6: Energy spectrum used for canine trials.

Figure 3 . 7 :

 37 Figure 3.7: Energy spectrum used for rodent trials.

  3 mm of Beryllium, 1.13 mm of Carbon, 1.95 mm of Aluminum and 2.08 mm of Copper resulting a spectrum with an average energy of 121 keV (Figure 3.6). In rodent trials, the synchrotron spectrum at the exit of wiggler is filtered using 2.3 mm of Beryllium, 1.42 mm of Carbon, 1.52 mm of Aluminum and 1.04 mm of Copper resulting a spectrum with an average energy of around 104 keV (Figure 3.7). Both energy spectra are generated by the Oasys software [151] developed at the ESRF.

Figure 3 . 8 :

 38 Figure 3.8: (A.I and A.II) CT-scan of patient in transverse plane. (B.I and B.II) The rotated CT-scan for penMRT in coronal plane. A.I and B.I are dog's CT images; A.II and B.II are rat's CT images.

Figure 3 . 9 :

 39 Figure 3.9: (A) The real cerrobend conformal mask. (B) The iterative procedure of mask construction is shown in this figure. Black line delimits the biggest convex object. Red lines show the omitted shapes from the convex object. Dashed blue lines show the added details which where omitted in the previous iteration.

Figure 3 . 10 :

 310 Figure 3.10: Mask shapes obtained from DICOM RT file to shape the conformal field for each irradiation incidence in the case of the dog treatment.

Figure 3 . 11 :

 311 Figure 3.11: The referential of penMRT is shown with the green dashed line. The voxelized object is the rotated based on written angles for each beam incidence.

Figure 3 . 13 :

 313 Figure 3.13: Peak and valley extraction according to the method described by Ocadiz et al. [62]. The pink straps are peaks and dark blue are valleys. Peak maps are produced by averaging on a 10 × 40 𝜇m 2 zone centered at the center of a peak and valley maps are produced by averaging on a 100 × 40 𝜇m 2 zone centered at the center of a valley. For visibility reasons the geometrical proportions are not respected in this schematic.

Figure 3 . 12 :

 312 Figure 3.12: PTV volume extracted from RT structure file. (A) Tumor volume in dog patient and (B) Tumor volume in rat patient.

Figure 3 . 14 :

 314 Figure 3.14: A region of interest of 2 × 2 mm 2 at the center of broad beam dose map at the depth of 2cm is shown.

Figure 3 . 15 :

 315 Figure 3.15: A region of interest of 2 × 2 mm 2 at the center of extracted valley at the depth of 2 cm is shown.

Figure 3 . 16 :

 316 Figure 3.16: A ROI of 10𝜇m × 2mm at the center of five central peaks is shown with pink boxes and a ROI 100𝜇m × 2mm at center of 5 central valley is shown with cyan boxes.

Figure 3 . 17 :

 317 Figure 3.17: The experimental set up during the dog treatment is shown in this figure.(A) microbeams array coming from multislit collimator. (B) Cerrobend conformal mask. (C) Ionisation chamber to online monitoring the dose delivery. (D) Thermoplastic mask to immobilize the patient during the irradiation and reproduce the same position as CT-scan. (E) Stereotactic frame which is fixed to table and holds thermoplastic mask. (F) Goniometer which allows the vertical scanning and rotation of patient.

80 3

 80 PenMRT: From preclinical to clinical trials with multi-scale dose calculation engine dose map, alongside with irradiation angles are shown in the Figure 3.18 A.I, B.I, C.I, D.I and E.I. The advantage of having multi-scale dose grids is highlighted in the Figure 3.18 (D.I). Looking at the beam direction at the angle of 86°, while high resolution dose grids are responsible for dose calculation inside the brain, medium resolution dose grids can give cumulative doses in spinal cord of patient.

Figure 3 . 18 :

 318 Figure 3.18: Dose distribution of each beam incidence is shown. A.I, B.I, C.I, D.I and E.I show multi-scale dose maps alongside with irradiation direction on CT-image. The cyan dashed rectangle on each graph shows the zone covered by high resolution dose scoring grid (0.005×1×1 𝑚𝑚 3 ) and the rest of the geometry is covered by dose scoring grids with a millimetric resolution (1×1×1 𝑚𝑚 3 ). A.II, B.II, C.II, D.II and E.II show percentage depth dose of the central peak and A.III, B.III, C.III, D.III and E.III show percentage depth dose of the central valley.

Figure 3 . 19 :

 319 Figure 3.19: (A) Dose distribution at isocenter plane for 5 incidences.To have a better visualisation the colorbar is forced to a maximum value of 160Gy. The contours of bony structures, PTV and dose perturbations due to presence of sinus is highlighted using red, yellow and green lines, respectively. (B) The dose maps is then masked with the contours of PTV to obtain the dose distribution only in the PTV. (C) A zoom at the center of PTV shows the pattern of crossing beams. This zone is highlighted with dashed green rectangle on the center of B. The artifacts due to plotting the micrometric dose distributions on centimetric grids in the A and B do not appear anymore in C.

. 19 .

 19 The dose distribution in whole brain is shown in Figure 3.19 (A). The bony contours are visible due to dose augmentation. However, to have a better visualization they are highlighted by solid red lines. PTV contour as it is extracted from DICOM RT files are shown with solid yellow line. The dose distribution in the PTV with a zoom on the center of it shown in Figure 3.19 (B) and (C). For evaluation of high resolution dose maps of penMRT, high resolution differential and cumulative DVHs in target volumes (PTV and GTV) and one OAR (left eye) are extracted and shown in the Figure 3.20. A step of 1

Figure 3 . 20 :

 320 Figure 3.20: (A) Differential and (B) cumulative DVH for 5 beam incidences with a minimum valley dose of 2.8 Gy. A zoom at the tail of graph is shown at the top right of the figure.

7 mm 2 (

 2 Figure 3.21 (B.II) and (D.II)). The extracted peak and valley dose maps from penMRT for each beam angle have a resolution of 40 × 400 𝜇m 2 . These dose maps are rotated, re-sampled to 40 × 40 𝜇m 2 grids in order to reproduce the Figure 3.21 (A.I) and (C.I). However, to compare the dose maps obtained from two calculation methods, they must have the same resolution. The hybrid peak and valley dose maps can be re-sampled with a resolution of 40 × 40 𝜇m 2 (Figure 3.21 (B.I) and (D.I)) or the penMRT dose maps can be re-sampled to 1.7 × 1.7 mm 2 (Figure 3.21 (A.II) and (C.II)).

  .7).

Figure 3 . 21 :

 321 Figure 3.21: Valley dose maps: (A) extracted from penMRT and (B) obtained by hybrid algorithm. Peak dose maps: (C) extracted from penMRT and (D) obtained by hybrid algorithm. The prescribed dose is minimum valley dose of 2.8 Gy in PTV. The PTV contour is shown with the solid red line. In the left part of figure (A.I, B.I, C.I and D.I), hybrid peak and valley dose maps are re-sampled with the penMRT extracted dose maps resolution (40 × 40 𝜇m 2 ). In the right part of figure (A.II, B.II, C.II and D.II) the extracted peak and valley dose maps of penMRT are re-sampled with the hybrid dose maps resolution (× 1.7 mm 2 ).
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 322 Figure 3.22: Valley and peak dose maps extracted from penMRT and obtained by hybrid algorithm are compared using relative 𝛾 index test of 2mm/2%. (A) Shows valley dose map comparison where hybrid valley map is taken as the reference. (B) Shows peak dose map comparison where hybrid peak map is taken as the reference.

Figure 3 . 23 :

 323 Figure 3.23: Comparison of separated peak and valley cumulative dose-volume histogram from penMRT and hybrid algorithm. (A) Cumulative valley DVH in PTV, (B) Cumulative valley DVH in GTV, (C) Cumulative valley DVH in left eye situated in the beam trajectory as an organ at risk, (D) Cumulative peak DVH in PTV, (E) Cumulative peak DVH in GTV, (F) Cumulative peak DVH in left eye.
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 324 Figure 3.24: Dose distribution for each beam incidence is shown. A, B, C, D, E and F show multi-scale dose maps. The cyan dashed rectangle on each graph shows the zone covered by high resolution dose scoring grid (0.005×1×1 𝑚𝑚 3 ) and the rest of geometry is covered by dose scoring grids with a millimetric resolution (1×1×1 𝑚𝑚 3 ). The irradiation angles are highlighted on the right bottom of dose maps.

Figure 3 . 25 :

 325 Figure 3.25: In the 5 beam incidents case, valley and peak dose maps extracted from penMRT and obtained by hybrid algorithm are compared using relative 𝛾 index test of 1mm/2%. (A) Shows valley dose map comparison. (B) Shows peak dose map comparison. Hybrid valley and peak dose maps are taken as the reference.
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 326 Figure 3.26: The rodent treatment with 1 to 5 MRT ports is shown in this figure. In all the configurations, the valley dose limit is kept at 10 Gy. (A.I) to (A.V) show the differential dose volume histograms with a step on 1 Gy. A zoom on high dose areas is shown at top-right part of figures. (B.I) to (B.V) show the cumulative dose-volume histograms with a step on 1 Gy. The dose distribution is shown at (C.I) to (C.V). The contour of tumor at the isocenter is shown with a pink solid line. A zoom on the dose distribution on the tumor area is shown in down-left part of figures.

Figure 3 . 27 :

 327 Figure 3.27: Correlation in between median survival days and percentage of tumor volume receiving a specific dose interval is shown in this figure. Some of the tested dose intervals are shown. At the end, the percentage of volume receiving a dose in between 80 to 420 Gy matches the best with the in-vivo results.

Figure 3 . 28 :

 328 Figure 3.28: The coverage of a ROI of 2 × 2 mm 2 by one to five irradiation incidences is shown.

Figure 3 . 29 :

 329 Figure 3.29: The bone thickness is (A) almost kept the same in the raw high resolution penMRT, (B) overestimated with extraction method in penMRT, (C) underestimated in hybrid, compared to (D) its real thickness in CT-scan.

Figure 3 . 30 :

 330 Figure 3.30: (A.I) and (A.II) are penMRT extracted peak and valley dose maps, respectively. (B.I) and (B.II) are hybrid peak and valley dose maps, respectively. (A.III) and (B.III) are penMRT and hybrid valley dose profiles on pink dashed line shown on A.II and B.II.
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 41 Figure 4.1: The absolute dosimetry in RW3 cubic phantom using PinPoint IC is shown. The pink arrow shows the water filled insert and the pink cross shows the position of IC sensitive volume.

Figure 4 . 2 :

 42 Figure 4.2: (A) x-ray image of PTW micro diamond[START_REF] Kampfer | Dosimetric characterization of a single crystal diamond detector in X-ray beams for preclinical research[END_REF]. Figures (B) and (C) show the microDiamond detector in face-on and edge-on orientation, respectively (from[START_REF] Brace | Evaluation of the PTW microDiamond in edge-on orientation for dosimetry in small fields[END_REF]).
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 43 Figure 4.3:The interaction between active layer of radiochromic film and incident beam provoke a polymerization reaction. Following the polymerization, optical properties of film will be modified.

Figure 4 . 5 :

 45 Figure 4.5: Typical 4 × 4 cm 2 cut film. The film name, orientation mark and a small damage due to cutting are shown.

Figure 4 . 4 :

 44 Figure 4.4: The thickness of different layers in EBT-3, EBT-XD, MD-V3 and HD-V2 Gafchromic films [194].

Figure 4 . 7 :

 47 Figure 4.7: The presence on 26 cm of PMMA increases the the average energy of spectrum of about 20%.

Figure 4 . 6 :

 46 Figure 4.6: For calibration procedure, a range of reduced dose rates are created using different thicknesses of PMMA slabs.

Figure 4 . 8 :

 48 Figure 4.8: In this experiment setup, films are placed perpendicular or parallel to irradiation field in between the phantom slabs.

Figure 4 . 9 :

 49 Figure 4.9: Epson scanner Perfection V750 Pro.

Figure 4 . 10 :

 410 Figure 4.10: Ziess Axio-Vision microscope.

Figure 4 . 11 :

 411 Figure 4.11: Peak and valley dose extraction based on Ocadiz et al. method [62].

Figure 4 . 12 :

 412 Figure 4.12: Displacement of camera causes non-aligned peaks during readout.

4. 3

 3 Results 107 different types of films are compared together. Two type of comparisons are used in study. Relative difference is used of 1D comparisons: Definition 1 : Relative difference (see 2.1)

Figure 4 . 13 :

 413 Figure 4.13: Calculated depth dose obtained by penMRT and hybrid are compared to measured depth dose using film dosimeter placed parallel to beam propagation direction. (A.I) and (A.II) show the irradiation setup and real irradiated EBT-XD film, respectively. (B.I) shows the comparison of calculated and measured depth doses. A zoom on first 3.4 cm of graph where film dosimetry data is available is shown on the top right. (B.II) demonstrates the relative differences between calculated and measured depth doses. In both cases, calculated values are taken as reference. (B.III) shows the relative difference between calculated values by penMRT and hybrid method (penMRT values are taken as reference). The cyan arrow in (B.II) and (B.III) shows the normalization depth.

Figure 4 .

 4 14 (B.I)). Looking at the Figure 4.14 (B.II) the relative differences are less than 5%.

Figure 4 . 14 :

 414 Figure 4.14: In single microbeam case, calculated depth dose obtained by penMRT is compared to measured depth dose using film dosimeter placed parallel to beam propagation direction. (A.I) and (A.II) show the irradiation setup and real irradiated EBT-XD film, respectively. (B.I) shows the comparison of calculated and measured depth doses. A zoom on first 3.4 cm of graph where film dosimetry data is available is shown on the top right. (B.II) demonstrates the relative difference between calculated and measured depth doses (penMRT values are taken as reference). The cyan arrow in (B.II) shows the normalization depth.

Figure 4 .

 4 15 (B.I) and (C.I)). Looking at the Figure 4.15 (B.II) the relative differences in central peak are generally less than 5%. As the valley dose is out-of field dose and it is constructed mainly by scattered photons, significant fluctuations are observed in both measured and calculated valley doses (Figure 4.15 (C.I)). However, except for build-up region (0 -0.2 cm), a relative difference of less than 10% is observed (Figure 4.15 (C.II)). The maximum difference at build-up region reaches to 22%.

Figure 4 . 15 :

 415 Figure 4.15: In microbeam array case, calculated central peak and valley depth dose obtained by penMRT is compared to measured depth doses using film dosimeter placed parallel to beam propagation direction. (A.I) and (A.II) show the irradiation setup and real irradiated EBT-XD film, respectively. (B.I) shows the comparison of calculated and measured central peak depth doses. In both approaches, the peak dose is obtained by averaging on a zone of 10 µm, centered at the center of microbeam. A zoom on first 3.4 cm of graph where film dosimetry data is available is shown on the top right. (B.II) demonstrates the relative difference between calculated and measured central peak depth doses (penMRT values are taken as reference).(C.I) shows the comparison of calculated and measured central valley depth doses. In both approaches, the valley dose is obtained by averaging on a zone of 100 µm, centered at the center of valley. A zoom on first 3.4 cm of graph where film dosimetry data is available is shown on the top right. (C.II) demonstrates the relative difference between calculated and measured central valley depth doses (penMRT values are taken as reference).The cyan arrow in (B.II) and (C.II) shows the normalization depth.

Figure 4 .

 4 Figure 4.16:The gamma index test of 5µm/2% is used to compare the micrometric dose map measured by (A) EBT-XD Gafchromic film and calculated by (B) penMRT. In (C), the simulation is performed with nominal ctc distance of 400 µm. In (D), the simulation is performed using a ctc of 413 µm.

Figure 4 . 17 :

 417 Figure 4.17: Calibration curves of EBT-3, EBT-XD, MD-V3 and HD-V2 Gafchromic films are shown in (A), (B), (C) and (D), respectively.

Figure 4 . 18 :

 418 Figure 4.18: Calculated depth dose obtained by penMRT and hybrid are compared to measured depth dose using film dosimeter and ionisation chamber perpendicular to the beam direction. (A.I) and (A.II) show the irradiation setup and real irradiated EBT-3 film, respectively. (B.I) shows the comparison of calculated and measured depth doses. (B.II) demonstrates the relative differences between calculated and measured depth doses. Calculated values using difference algorithms are also compared together. When values are compared to ionisation chamber, the IC values are taken as reference. Standard deviations are reported in 1 sigma.
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 419 Figure 4.19: Measured doses using HD-V2, EBT-XD, EBT-3 and MD-V3 Gafchromic films are compared to measured (A) peak and (B) valley doses using microDiamond at different depths. The measured peak to valley ratios (PVDR) using Gafchromic films and microDiamond are also compared in (C). Standard deviations are shown in 1 sigma.

Figure 4 . 20 :

 420 Figure 4.20: To obtain beam profiles, pixels are averaged vertically on a zone of 2 mm.

Figure 4 . 21 :

 421 Figure 4.21: Dose profiles in a 2 × 2 cm 2 square field at the depth of 5 cm obtained via different types of Gafchromic films are shown: (A.I) EBT-XD, (B.I) EBT-3, (C.I) HD-V2 and (D.I) MD-V2. To have a better visualisation only a zoom on 2 mm at the center of the field are shown. Standard deviations in 1 sigma for each film type are shown separately in (A.II), (B.II), (C.II) and (D.II).

Figure 4 . 22 :

 422 Figure 4.22: In a 2 × 2 cm 2 square MRT field, calculated peak and valley depth dose obtained by penMRT and hybrid are compared to measured (A) peak and (B) valley doses using microDiamond at different depths. The measured and calculated peak to valley ratios (PVDR) are also compared in (C). Standard deviations are shown in 1 sigma.

Figure 4 .

 4 23 (B.I) and (B.II)), films measure doses higher than calculated values in a range on 12 to 40%. In general, smaller variations in relative differences are observed in Figure 4.23 (B.II) in the case of penMRT compared to hybrid Figure 4.23 (B.I).

Figure 4 . 23 :

 423 Figure 4.23: In a 2 × 2 cm 2 square MRT field, calculated peak and valley doses obtained by hybrid and penMRT are compared to measured peak doses in (A.I) and (A.II) and measured valley doses in (B.I) and (B.II). Measurements were repeated for different film types (EBT-3, EBT-XD, HD-V2, MD-V3) using different reference doses and at different depths. The measured and calculated peak to valley ratios (PVDR) are also compared toghether in (C.I) and (C.II). Standard deviations are shown in 1 sigma.

Figure 4 . 24 :

 424 Figure 4.24: In a 2 × 2 cm 2 square MRT field, calculated peak and valley doses and PVDR obtained by hybrid are compared to the calculated values by penMRT at the same depth where film dosimetry was performed. Standard deviations are shown in 1 sigma.

Figure 4 . 25 :

 425 Figure 4.25: In conformal fields with different shapes, calculated peak and valley depth doses obtained by hybrid and penMRT are compared to measured peak doses in (A.I) and (A.II) and measured valley doses in (B.I) and (B.II). Measurements were repeated for different film types (EBT-3, EBT-XD, HD-V2, MD-V3) with different reference doses and at different depths. The measured and calculated peak to valley ratios (PVDR) are also compared in (C.I) and (C.II). Standard deviations are shown in 1 sigma.

Figure 4 . 26 :

 426 Figure 4.26: In different conformal MRT field shapes, calculated peak and valley doses and PVDR obtained by hybrid are compared to calculated values by penMRT at the same depths where film dosimetry was performed. Standard deviations are shown in 1 sigma.

Table 4 . 2 :

 42 The effect of film type and readout methods (microscope and scanner) on measured valley doses in a 2 × 2 cm 2 MRT square field using EBT-3 and EBT-XD Gafchromic films are shown. Dose is prescribed to have minimum 1 Gy valley dose at the depth of 7 cm. Standard deviation values are given in 1 sigma.

Figure 4 . 27 :

 427 Figure 4.27: Transmission, scattering and reflection (Transmission: red -scattering: green -reflection: violet) through MSC blades (inspired by[START_REF] J C Crosbie | A method of dosimetry for synchrotron microbeam radiation therapy using radiochromic films of different sensitivity[END_REF]).

Figure 4 . 28 :

 428 Figure 4.28: The CT-scan of simulated water equivalent cubic phantom is shown in (A). The beam direction is also marked via a green arrow. As it is highlighted by a violet rectangle, a noticeable air gap in between the phantom slabs is observed the the depth of 1 cm. The effect of air gap on peak and valley depth doses are shown in (B) and (C), respectively. Standard deviation values are given in 1 sigma.

Figure 4 . 29 :

 429 Figure 4.29: A dose map measured using HD-V2 film in a MRT field of 0.8 × 2 mm 2 is shown in (A). The dose profile of this map is shown in (B). A deformity in valley area is highlighted using pink rectangle. A zoom on this deformity is demonstrated in (C), where two peaks (P1 and P2) are observed.

Figure 4 . 30 :

 430 Figure 4.30: Photon reflection in MSC blades.
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 3 General conclusions . . . . .[START_REF] Dipuglia | Validation of a Monte Carlo simulation for Microbeam Radiation Therapy on the Imaging and Medical Beamline at the Australian Synchrotron[END_REF] 

Figure 5 .

 5 Figure 5.1: (A.I) The simulated depth dose by penMRT is compared to calculated dose by Fast-penMRT in a 2 × 2 cm 2 broad beam. Figure (A.II) shows the relative difference between calculated and simulated values shown in (A.I). (B.I) The simulated depth dose by penMRT is compared to calculated dose by Fast-penMRT in a single microbeam of 50𝜇m × 2 cm. Figure (B.II) shows the relative difference between calculated and simulated values shown in (B.I). (Yacine BENCHEIKH, 2022).

Figure 5 . 2 :

 52 Figure 5.2: Error of prediction as function of dose in Gy (Gaëtan LEMAIRE, 2021).
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 356791011121314 Calculated peak and valley doses via hybrid and penMRT algorithms and measured peak and valley doses via EBT-3 in a 2 × 2 cm 2 square field are shown. The films are read using microscope. A reference dose of 68.77 Gy was prescribed. Standard deviation values are given in 1 sigma. Table D.4: Calculated peak and valley doses via hybrid and penMRT algorithms and measured peak and valley doses via EBT-3 in a 2 × 2 cm 2 square field are shown. The films are read using microscope. A reference dose of 68.77 Gy was prescribed. Standard deviation values are given in 1 sigma. Calculated peak and valley doses via hybrid and penMRT algorithms and measured peak and valley doses via EBT-XD in a 2 × 2 cm 2 square field are shown. The films are read using microscope. A reference dose of 85.75 Gy was prescribed. Standard deviation values are given in 1 sigma. Calculated peak and valley doses via hybrid and penMRT algorithms and measured peak and valley doses via EBT-3 in a 2 × 2 cm 2 square field are shown. The films are read using microscope. A reference dose of 63.4 Gy was prescribed. Standard deviation values are given in 1 sigma. Calculated peak and valley doses via hybrid and penMRT algorithms and measured peak and valley doses via EBT-3 in a × 2 cm 2 square field are shown. The films are read using microscope. A reference dose of 54.35 Gy was prescribed. Standard deviation values are given in 1 sigma. Table D.8: Calculated peak and valley doses via hybrid and penMRT algorithms and measured peak and valley doses via EBT-XD in a × 2 cm 2 square field are shown. The films are read using microscope. A reference dose of 72.45 Gy was prescribed. Standard deviation values are given in 1 sigma. Calculated peak and valley doses via hybrid and penMRT algorithms and measured peak and valley doses via MD-V3 in a × 2 cm 2 square field are shown. The films are read using microscope. A reference dose of 72.45 Gy was prescribed. Standard deviation values are given in 1 sigma. Calculated peak and valley doses via hybrid and penMRT algorithms and measured peak and valley doses via EBT-3 in several conformal fields are shown. The films are read using microscope. A reference dose of 68.77 Gy was prescribed. Standard deviation values are given in 1 sigma. Calculated peak and valley doses via hybrid and penMRT algorithms and measured peak and valley doses via EBT-3 in several conformal fields are shown. The films are read using microscope. A reference dose of 54.33 Gy was prescribed. Standard deviation values are given in 1 sigma. Calculated peak and valley doses via hybrid and penMRT algorithms and measured peak and valley doses via EBT-XD in several conformal fields are shown. The films are read using microscope. A reference dose of 54.33 Gy was prescribed. Standard deviation values are given in 1 sigma. Calculated peak and valley doses via hybrid and penMRT algorithms and measured peak and valley doses via EBT-3 in several conformal fields are shown. The films are read using microscope. A reference dose of 63.4 Gy was prescribed. Standard deviation values are given in 1 sigma. Calculated peak and valley doses via hybrid and penMRT algorithms and measured peak and valley doses via MD-V3 in several conformal fields are shown. The films are read using microscope. A reference dose of 63.4 Gy was prescribed. Standard deviation values are given in 1 sigma.
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Table 1 . 1 :

 11 The wiggler parameters which were used to obtain the flux.

	ID17 wiggler parameters	
	Magnetic field period	15 cm
	Number of periods	11
	Gap for MRT	2.48 cm
	Maximum magnetic field	1.4 T
	Deflection parameter	22.3
	Critical energy (for gap of 2.48 cm) 33.5 keV

Table 1 . 2

 12 

	Animal species	Number of articles
	Rat	43 (59.7%)
	Mouse	24 (33.3%)
	Duck	1 (1.4%)
	Drosophila	1 (1.4%)
	Chicken-Embryo 1 (1.4%)
	Pig	2 (1.4 %)
	Total	72 (100%)

: The frequency of animal species used for MRT preclinical studies up to 2020

[START_REF] Fernandez-Palomo | Animal Models in Microbeam Radiation Therapy: A Scoping Review[END_REF]

.

Table 1 . 3

 13 

: Summary of MRT trials on cancer models. Table 1.4: Summary of MRT trials on healthy tissue tolerance.
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	Table 1.5: Inverse Compton scattering	Project	Energy (keV) Dose rate (Gy/s)
	sources [31, 83, 84].		
		MuCLS (Germany) 15-35	0.09
		TTX (China)	20-80	0.08
		NESTOR (Ukraine) 30-500	6.6
		ThomX (France)	20-90	0.9
		KEK QB (Japan)	35	1.5
		KEK ERL (Japan)	67	0.8
		MIT (USA)	3-30	19

.5. 2. Compact x-ray tubes: Despite of having low x-ray production yield and large divergences, x-ray tubes are compact, accessible and inexpensive sources. There are several ongoing researches on adapting x-ray tube for spatial fractionated radiotherapy. However, because of 20 1 Microbeam radiation therapy, advantages and challenges

Table 1 .6: Summary

 1 of existing dosimeters for MRT usages.

Table 2 . 1 :

 21 A summary of the existing dose calculation engines for MRT.

Table 2

 2 

.2.

The simulation geometry generated by pengeom package is shown in Figure

2

.7. Five virtual detectors at different positions records the radiation therapy

Table 2 .

 2 

	Carbon	1.42
	Aluminum	2.52
	Copper	1.04
	Beryllium	2.3
	Krypton gas	2197 at 160 mbar

2: ID17 beamline components

[START_REF] Martínez-Rovira | Monte Carlo and experimental small-field dosimetry applied to spatially fractionated synchrotron radiotherapy techniques[END_REF]

.

Attenuator and filter Materials Summed thicknesses (mm)

Table 2 . 3 :

 23 Calculated PVDR in a 2 × 2 𝑐𝑚 2 MRT field as a function of depth compared to measured and calculated values in quasi-similar conditions reported in literature. In order to have comparable standard deviations, PVDRs are given with 2 sigmas.

Table 3 . 1 :

 31 ICRU definitions of target volumes in radiotherapy.

Table 3 . 2

 32 

: Summary of cut-off and absorption energies used for canine and rodent simulations.

Table 3 . 3

 33 

: Number of dose scoring bins, calculation time, parallel jobs and primary particles in simulations.

Table 3 . 6 :

 36 Summary of canine patient simulation characteristics.

Table 3 . 7

 37 

: Summary of canine patient dose values obtained by two separated simulation algorithm. Standard deviation values are reported in 2 sigmas. As the outcome of hybrid method is in the form of peak and valley doses, total values are not applicable (N.A).

Table 4 . 1 :

 41 Calibration doses used for EBT-3, EBT-XD, MD-V3 and HD-V2.

Table 4 . 3 :

 43 The effect of read-out methods (microscope and scanner) on measured valley doses in a 2 × 2 cm 2 MRT square field using MD-V3 Gafchromic films are shown. Dose is prescribed to have maximum 2 Gy valley dose at the depth of 7cm. Standard deviation values are given in 1 sigma.

Table 4 . 4 :

 44 Practical aspects of different Gafchromic film types are evaluated.

  1.1 Uncontrollable division of cancerous cell. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1.2 The medical physics challenge in radiotherapy is widening the therapeutic window by increasing the TCP and decreasing the NTCP ( inspired by [7]). . . . . . . . . . . . . . . . . . . . . . . . . . . 1.3 Different strategies to induce more efficient tumoral dose and to limite the collateral damages ( inspired by [13]). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1.4 Spatial fractionated radiotherapy using grid. (A) Metallic Grid. (B) The dose distribution on the patient chest. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1.5 Dose-volume effect: 4000 Gy of 25 𝜇m tissue is intact whilst by 280 Gy of 1 mm width beam causes tissue destruction (inspired by [16] and [17]). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1.6 Vertical scanning of ionisation chamber or sample on goniometer is equivalent to uniform irradiation (inspired by [26]). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1.7 The x-ray energy distribution at wiggler position before filtering. . . . . . . . . . . . . . . . . . . . 1.8 Energy spectrum used for rodents and large animal in preclinical phase at the ID17 (ESRF). . . . . 1.9 The production of microbeams from synchrotron to multislit collimator. . . . . . . . . . . . . . . 1.10 The high dose regions are called peaks which are separated by low doses areas (valleys) with a pitch of 400 𝜇m. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1.11 (

Microbeam radiation therapy, advantages and challenges

PenMRT: A high resolution dose calculation engine for x-ray microbeams radiation therapy

PenMRT: A high resolution dose calculation engine for x-ray microbeams

PenMRT: From preclinical to clinical trials with multi-scale dose calculation engine
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Appendix

PenMRT A Chapter 2 (PenMRT: A high resolution dose calculation engine for x-ray microbeams radiation therapy) has been published in medical physics journal: 

Canine and rodent patients B

The author had a contribution in publications which were the basis of simulations in chapter3. 

Dask and parallel jobs C

Film dosimetry data D

A summary of raw data used for chapter 4 is given through the following tables.

Table D.1:

The absorbed doses from a broad beam of 2 × 2 cm 2 at different depths. In film dosimetry, penMRT and hybrid method, the dose value is an average value on a 2 × 2 mm 2 zone at the field center. Standard deviation values are given in 1 sigma.