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Introduction en langue française

Une grande variété de conditions pathologiques affectant le cerveau existe; parmi ces maladies, les tumeurs cérébrales, et en particulier le glioblastome, sont à ce jour difficiles à traiter. Ce dernier se développe à partir des cellules gliales et de leurs précurseurs, qui commencent à proliférer de manière incontrôlée et à envahir les tissus cérébraux sains environnants (1). Diverses méthodes de diagnostic peuvent être utilisées afin de déterminer le type et le grade des néoplasmes cérébraux (2). Pour le traitement du glioblastome, le schéma thérapeutique standard consiste en une résection chirurgicale, une chimiothérapie et une radiothérapie administrées par fractions de faibles doses sur plusieurs semaines (3,4).

Malgré l'agressivité de cette approche multimodale et l'optimisation continue des stratégies thérapeutiques, aucune amélioration significative de la survie médiane de ces patients (seulement ~ 15 mois) n'a été atteinte au cours des dernières décennies (5).

La radiothérapie s'est révélée être la méthode de traitement la plus efficace pour le contrôle du glioblastome. Les rayonnements ionisants tels que les rayons X provoquent divers effets physico-chimiques et biologiques au niveau atomique, moléculaire et cellulaire. La cible principale de ces effets est l'ADN, la base génomique de chaque cellule, ce qui altère l'intégrité et le fonctionnement de l'organe et de tout l'organisme. Les cellules saines peuvent généralement réparer les dommages de l'ADN induits par des radiations (6), tandis que les cellules néoplasiques peuvent avoir des difficultés à récupérer pendant le cours de radiothérapie, entraînant la mort des cellules tumorales (7). Cependant, les effets néfastes des rayonnements ionisants sur les cellules normales ne sont pas négligeables. Ils peuvent entraîner des conséquences sévères pendant le stade aigu au stade chronique au cours de la période suivant l'intervention thérapeutique. Un schéma de radiothérapie efficace et sûr vise ainsi à délivrer une dose idéale dans le volume restreint à la tumeur afin de préserver les tissus cérébraux sains (8). D'autres concepts comprennent le fractionnement temporel et spatial de la dose, la distribution conformationelle d'une haute dose (radiochirurgie) ou l'implantation de systèmes radiatifs dans la tumeur (9). Ensemble, ils visent à améliorer le rapport thérapeutique entre le contrôle tumoral et les complications des tissus sains; cependant, de nombreuses étapes restent à franchir pour atteindre cet objectif compte tenu du caractère dévastateur du glioblastome.

La demande persistante de progresser dans les stratégies thérapeutiques a conduit à un concept innovant appelé la radiothérapie par microfaisceaux (MRT pour Microbeam Radiation Therapy). La MRT présente des caractéristiques intéressantes quant à sa géométrie spatiale mais aussi concernant les propriétés de la lumière synchrotron qui permet la génération de microfaisceaux (10). Ces derniers mesurent des dizaines de micromètres de largeur et sont espacés de centaines de micromètres, et ils sont obtenus par insertion d'un collimateur « multislit » dans le trajet du faisceau d'irradiation (11). Chaque microfaisceau délivre des hautes doses, jusqu'à des centaines de Gray (Gy), ce que l'on appelle la dose pic.

En revanche, les tranches de tissu situées entre les microfaisceaux ne reçoivent que 5 à 10% de la dose pic, appelée la dose vallée. La radiothérapie par microfaisceaux synchrotron a le potentiel de concurrencer les approches radiothérapeutiques conventionnelles grâce à une augmentation exceptionnelle du rapport thérapeutique qui peut être atteinte (12,13).

En effet, la MRT provoque une faible toxicité cérébrale à des doses pic et vallée raisonnables (14)(15)(16); des doses qui induisent en même temps une cytoréduction significative dans les tissus tumoraux (17)(18)(19)(20)(21)(22). Des réponses vasculaires différentielles après des expositions à la MRT ont été identifiées, assurant un contrôle tumoral efficace dans des modèles précliniques de rongeurs (23,24), tout en préservant la vascularisation mature dans les tissus sains (25)(26)(27). A part l'immaturité des vaisseaux tumoraux, entraînant une réparation insuffisante des dommages induits par la MRT, des réactions immunitaires font partie du complexe biologique impliqué dans l'élimination des cellules néoplasiques (28)(29)(30). Des réactions inflammatoires distinctives semblent être impliquées dans les réponses tumorales après la MRT et diffèrent significativement de celles observées après des irradiations classiques à un large faisceau (BB pour Broad Beam) (31). Ce mécanisme peut expliquer en partie la supériorité du contrôle tumoral après des expositions aux microfaisceaux. En effet, des études ont montré que les tumeurs cérébrales sont réduites en taille après la MRT, révélant un arrêt de la croissance tumorale et une survie des animaux prolongée d'une manière plus efficace qu'après des irradiations par BB (à des doses similaires à la dose vallée de la MRT) (32,33). Au total, la MRT est apparue comme un outil très prometteur pour le traitement des tumeurs intracrâniennes agressives mais également d'autres pathologies cérébrales (34)(35)(36) et des conditions extracrâniennes (37,38).

Malgré ces progrès, certaines questions n'ont pas été élucidées à ce jour. 

Chapter summary

The first chapter of this thesis provides insights into the development of brain tumors, in particular the appearance and morphology of glioblastoma. Diagnostic approaches and therapeutic modalities are mentioned, with the focused set on radiotherapy. The last part of the chapter highlights a new modality, i.e. synchrotron-generated Microbeam Radiation Therapy (MRT), which is the basis of this thesis' experiments.

Résumé du chapitre

Le premier chapitre de cette thèse fournit un aperçu du développement des tumeurs cérébrales, en décrivant plus particulièrement le glioblastome. Les approches diagnostiques et les modalités thérapeutiques sont mentionnées, et un accent est mis sur les techniques de radiothérapie. La dernière partie du chapitre s'intéresse à une nouvelle modalité thérapeutique, dénommée Microbeam Radiation Therapy (MRT) et utilisant le rayonnement X généré par un synchrotron, qui fait l'objet de cette thèse.

Thesis structure

A wide range of pathologic conditions affecting the brain exists; amongst these diseases, brain tumors and especially glioblastoma are to date challenging to treat. Despite application of an aggressive multimodal therapy regimen, no significant improvement of survival of glioblastoma patients has been reached over the last decades. This thesis interrogates the toxicity and effectiveness of an innovative treatment approach, known as Microbeam Radiation Therapy (MRT). In the first chapter, a description of the characteristics of glioblastoma is given with the treatment approaches focused on radiotherapy. In the second chapter, adverse reactions elicited by MRT on normal brain tissues in rats are assessed; first, after exposures of the whole brain to escalating doses and second, after focal irradiation through multiple ports. This multiport protocol is then evaluated in the third chapter for the treatment of a glioblastoma model in rats. Conclusions and perspectives are proposed in the fourth chapter. Brain tumors can either originate from certain brain cells themselves (primary brain tumor), or metastatic tumor cells from a distant neoplastic site can be transported into the brain (secondary brain tumor). In fact, most of the tumors found inside the brain are not originally generated by brain cells, but consist of "imported" cancer cells via the blood stream from other sites throughout the body. Lung tumors are most likely to form brain metastases, but other primary tumors, such as breast cancer or melanoma, can also easily metastasize (2). The brain is predisposed to the seeding of circulating tumor cells due to the dense microcapillary network and high blood flow. This is accompanied by neuroinflammatory responses that promote the colonialization of metastatic cells. Brain metastases are seen with increasing frequency in the global human population as the treatment efficacy of primary tumors continuously improves, leading to rising numbers of long-term cancer survivors. Several factors are decisive for the treatment of metastatic brain tumors such as the general condition and age of the patient, the metastasis subtype and the number of intracranial sites. Therefore, current therapy may vary from pure palliative to rather radical treatment, including surgical resection and whole-brain radiotherapy (3).

Primary brain tumors are typically classified based on histologic characteristics of the transformed tissue and the World Health Organization has established four universal grades (4). Depending on the cell type, intracranial tumors appear either in extra-axial structures, i.e.

lesions outside of the brain, or within the organ. An example of extra-axial tumors is called meningioma, which is the most common benign brain tumor in adults. It arises from mesectodermal, arachnoid cells that form the middle layer of the three membranes, which cover the brain (5). Located in the brain, intracranial tumors can be associated with the ventricular system or with the brain parenchyma, typically within the cerebral hemispheres. In children, one of the most frequent and dangerous primary brain tumor arises near the fourth ventricle, and is named medulloblastoma. This type of brain tumor is thought to originate from embryonal neuroepithelial cells that transform to cells of high proliferative activity and form masses of dense cellularity (6).

Glioma is a general term for primary brain tumors that comprise any kind of glial cell.

Oligodendrogliomas, for instance, represent approximatively 5% of all gliomas (7). The loss of the chromosomal arm 1p and/or 19q has been described as a hallmark in diagnostics, as this co-deletion is more characteristic for oligodendroglioma than oligo-/astrocytoma and shows better prognosis due to higher chemosensitivity than the 1p/19q-preserved form (8).

Astrocytoma, which represent approximatively 75% of all gliomas, consist of cells with astrocyte-like characteristics and many sub-types exist (4). High-grade astrocytomas characterize those tumors that display all histologic features of grade IV tumors, grow fast and invasively, resist to therapy and present poor prognosis and short survival times.

Glioblastoma represents not only the majority of all glioma types (~60%) but also of all malignant brain tumors (~50%) and is with an incidence rate of 15% the third most common intracerebral tumor, in particular in the elderly population (7).

Characteristics and diagnostic of glioblastoma

It is believed that glioblastoma (GBM) may arise from transformed stem cells, in close relation with the hierarchical structure of progenitor and differentiated cells, as well as the specific microenvironmental niches in which they harbor (9). However, other mechanisms of tumor onset, involving the abnormal proliferation of mature astroglial or oligodendroglial cells and/or their progenitors, might also be implied (10). Even though some studies have demonstrated that GBM may arise within the subventricular zone, supporting the "stem cell hypothesis", it can, in fact, be found anywhere in the brain, and even more so close to subcortical white matter structures of the frontal lobe, which may facilitate their propagation (11,12).

While the majority of GBM develops de novo through oncogenic processes from glial cells (primary glioblastoma), around 10% of GBM can result from progression of lower-grade astrocytomas (secondary glioblastoma). The former, primary type is known to be more aggressive than the latter, secondary type, which appears usually in younger patients and is in most cases IDH-mutant and MGMT-methylated (O 6 -Methylguanine-DNA methyltransferase) (4). Isocitrate dehydrogenases (IDH) are enzymes of high importance in regulating processes within the cell and mutations of the corresponding genes can be fatal for the affected cell.

MGMT is a DNA repair enzyme that becomes ineffective through methylation of the MGMT gene, which results in higher sensitivity of the tumor cell to alkylating chemotherapeutic agents such as temozolomide (7). IDH-mutant and MGMT-methylated tumor types such as secondary glioblastoma thus have a better prognosis than primary, IDH-wildtype glioblastomas (13).

Glioblastomas are typically poorly-marginated, necrotic masses that diffusely infiltrate surrounding tissues. The consistency can vary from firm to gelatinous, with or without cystic and hemorrhagic components, all within one and the same tumor body. The latter might be rather small and a single lesion, grow to considerable sizes or appear multifocally throughout the brain (11,14). On the basis of these characteristics, it is not surprising that the median survival of patients affected by glioblastoma (wildtype) does not exceed 15 months (according to the 2016 World Health Organization report) despite an aggressive combination of surgery, radiotherapy and chemotherapy (4).

Clinical signs

The first approach in diagnosing glioblastoma is an extensive anamnesis, followed by a clinical and neurologic examination. The aim is to verify various physiological and cognitive parameters and the general state of the patient, and to screen for a primary tumor outside of the brain (15). As symptoms can vary greatly, depending on the site of the brain tumor, different clinical signs might occur. Headaches represent the most prominent pressure-related clinical symptom, but other non-specific signs such as vomiting and papilledema may appear in more severe cases (16). Further, seizures are frequent symptoms indicating the presence of a brain tumor. While the exact pathogenesis of tumor-related epilepsy is still unknown, evidence has shown that tumors located in, or close to cortical areas are more likely to induce seizures (17).

Magnetic resonance imaging

Magnetic resonance imaging (MRI) is the method of choice in diagnosing glioblastoma, but it may be complemented by CT or PET scanning (cf. Figure 1.1) (15,(18)(19)(20). Due to the high resolution and precise, tissue-specific contrast of MR images in three dimensions, MRI may allow the differentiation of glioblastoma from other tumor types or non-tumorous tissue lesions such as abscesses. GBM are typically large with thick, enhancing margins surrounding a necrotic and possibly hemorrhagic cavity (blood products seen as hypointense signal on gradient echo/SWI sequences). T1 contrast enhancement might be variable but is almost always present. Contrast in the tumor rim (ring-enhancement) is often related to the abnormal, leaky neovascularization in marginal areas. Perilesional edema (seen on T2/FLAIR sequences, differentiation from the tumor mass possible through diffusion-weighted sequences) is not seldom and multiple tumor masses may appear throughout the brain (21).

Histopathology and molecular diagnostics

As it has been pointed out, the WHO brain tumor grading system is based on histologic features of malignancy, and as such, histologic examination represents the most important method of tumor determination. Histologic preparation typically involves formalin-fixation and paraffin-embedment for conventional staining such as hematoxylin-eosin labeling, and cryopreservation allows tissue assessment at a later time point (15).

Light-microscopic features of glioblastoma (in accordance with the WHO scheme) include high cellularity of either small, undifferentiated cells with round nuclei (Figure 1.2-A/B), or of pleomorphic, large cells that can be multinucleated (Figure 1.2-C/E). Most often, a mix of various cell types can be found (cf. I). 1 If oligodendroglial 1 Two mechanisms are commonly postulated in the formation of necrotic tumor areas, i.e. through the growing cell population that dissociates cells progressively from blood vessels or through disruption of the latter. Both processes eventually lead to hypoxic and malnourished cell accumulations that may die and form necrotic parts if the tumor does not succeed in re-vascularizing these cells. A 79-year-old man with glioblastoma (C). Diagnosis was done using axial contrast-enhanced T1-weighted MRI acquisition (left) and 18 F-FDG PET (right). The frontal tumor mass shows contrast enhancement on the MR image that corresponds to an extensive 18 F-FDG uptake (arrows), besides high metabolic activity in normal cortical areas. MR and PET images extracted from A. Verger et al., Glioblastoma, 2017. 18 F-FDG: 18 F-labeled fluoro-deoxyglucose, PET: positron emission tomography.
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components are detected, they are typically depicted as cells with clear cytoplasm, a round nucleus and a perinuclear halo (Figure 1.2-F/G) (22). Immunohistochemical studies may add information about specific cell markers. For instance, glial fibrillary acidic protein (GFAP) and the nuclear marker Ki67, respectively, yield insight on the type of lesion (glioma versus other tumor type or non-neoplastic lesion) and the proliferative activity.

It is now increasingly recommended to incorporate molecular analysis in classic histological studies (known as "integrated diagnosis", cf. Figure 1.3), in order to optimize accuracy and objectivity on which patient management, prognosis, quality of life and survival rely (4,22). A summarizing representation of the procedures that may guide the diagnosis and The hematoxylin-eosin stained sections depict the wide range of histologic features of glioblastomas. Some tumor components can include small homogeneous cells with round to oval nuclei, high cellularity and high mitotic activity (A, B). On the other hand, pleomorphic-shaped cells with irregular nuclei can appear (C). Sometimes swollen cells that resemble gemistocytes (arrow) are seen (D). Multinucleated giant cells are frequently encountered (E). GBM with oligodendroglial components show cells with clear cytoplasm and round nuclei surrounded by a perinuclear halo (F, G). Amongst the most common features are microvascular proliferation, forming glomeruloid structures (arrow, H), and necrosis. Ischemic necrosis can be distinguished from pseudopalisading necrosis (I) that shows tumor cell accumulation (arrows) around a necrotic core (asterisk). Histologic images extracted from Ref. [22], and in H from D. Brat et al., AJP, 2001. Scale not given.

typing of brain tumors is given in Figure 1.3. Beyond this approach, the fundamental basis of a veridical diagnostic outcome should include a multidisciplinary concept of clinical assessment, radiologic conclusions, neurosurgical impressions and histologic as well as advanced molecular examination (20,23).

Treatment of glioblastoma

The therapeutic approach in patients affected by glioblastoma depends on various criteria and may be chosen on an individual basis. For instance, age, the developmental status and the patient's condition, as well as the tumor size and location, i.e. mg/m 2 per day up to 49 days). This is followed, 4 weeks later, by 6 cycles of adjuvant temozolomide administration (150 to 200 mg/m 2 for 5 days every 28 days) (24). In addition, a retrospective methylation-specific PCR analysis of the MGMT promoter of resected tumors revealed that progression-free survival can be significantly increased for patients with a methylated MGMT promoter, compared with an unmethylated genotype, through A simplified guide for classification of diffuse gliomas grade II to IV, based on histological and genetic features. Note that diagnostics do not necessarily proceed from histology first to molecular genetic features next, depending on individual clinical cases. Schema adapted from Ref. [4]. temozolomide application combined with radiotherapy (25). This stresses the advantage of molecular determination and personalized adaptation of the protocol.

Upon diagnosis, patients are generally treated symptomatically, including anti-epileptic drugs or medication that offers relief from the intracranial pressure. Typically, corticosteroids such as dexamethasone are administered to reduce the peritumoral edema. They may also be of benefit in reducing pain and nausea, improving appetite and can be part of the preoperative management. However, glucocorticoids have immunosuppressive capabilities, which may influence immune and inflammatory tumor responses to the treatment. They can also directly act on the neoplastic activity, i.e. either inhibiting or stimulating cell proliferation.

In addition, negative interactions with chemotherapeutic agents may reduce their effectiveness, which is why the administration of corticosteroids should be adapted to the clinical symptomatic and the further treatment regimen (26).

Chirurgical resection of GBM

In contrast to stereotactic surgical techniques that serve mainly for biopsy purposes, the therapeutic intention of chirurgically resecting the tumor mass may involve open and rather invasive procedures such as a craniotomy, depending on the size and location of the tumor.

Fortunately, more and more microsurgical techniques are being developed and are becoming standard of care. The aim is to remove as much cancerous tissue as possible (called tumor debulking), relieving intracranial pressure and restoring neurological functions that might have been affected through the mass effect. However, the question remains as to what extent the tumor and surrounding normal tissue should be resected. This is based on the knowledge that glioblastoma is highly infiltrative, making the extirpation of all neoplastic cells impossible and resulting in rapid tumor recurrence, even when a large safety margin has been resected.

Despite controversial arguments and the lack of universal recommendations regarding chirurgical interventions (20), surgeons may favor a radical removal of glioblastoma since complete or "gross total" resection can lead to better survival outcome than biopsy only (27,28). However, new neurologic deficits after surgery, additional to the tumor-induced dysfunctions, should doubtlessly be avoided, implied by the term "maximal safe resection" (20).

Improvements of surgical approaches include the utilization of an intra-operative fluorescent dye, e.g. 5-aminolevulinic acid (5-ALA, cf. that, compared with conventional white light illumination of the tumor, 5-ALA has led to an increased complete resection rate and improved progression-free survival (29). Further methods are constantly evolving, including intraoperative MRI (30) and neuronavigation (31), with the aim to offer computer-assisted orientation within the brain in order to precisely localize the site of lesion and to avoid normal tissue damage to a maximum.

Medical treatment of GBM

Despite many attempts to develop a variety of available medication, only few have passed the gap of FDA approval in the treatment of glioblastoma. Encountered hardships are, next to the lack of tumor-specificity and the burden of adverse effects, the challenge to bypass the blood-tumor barrier (BTB), a unique feature of brain microvasculature that greatly reduces the possibility to deliver drugs into the tumor. Thus, approaches of local chemotherapeutic administration through dedicated implantable devices have evolved and have improved tumor control to some extent. However, neither the choice of therapeutic agents nor of the delivery procedure have substantially improved long-term survival of GBM patients to date.

Temozolomide (TMZ; Temodal® in Europe and Temodar® in the US) is an alkylating agent that interferes with the DNA in particular on the level of the nucleobase guanine by adding a methyl group, which has a fatal outcome for the cell. Due to its lipophilic nature, it has the capacity to cross the BTB and target intraparenchymal tumor cells. Overall survival has significantly increased from 12.1 months after RT alone to 14.6 months after RT combined with TMZ in the only class I trial that the Stupp regimen is based on (24). Since then, combined RT and TMZ treatment has been recommended for patients up to 70 years of age, however, persons exceeding this age or elderly patients in poor condition might rather be treated according to an adapted protocol. In these cases it is recommended to determine the MGMT promoter methylation status and treat "methylated" glioblastomas preferably with TMZ alone, and "unmethylated" GBM with only radiotherapy (15,(18)(19)(20).

Further alkylating compounds, i.e. carmustine (or BCNU) and lomustine (or CCNU), have been developed. They cross-link the two DNA strands and may interfere with amino acids with a lethal outcome in proliferating cells. Although they can easily cross the BTB, their high toxicity on normal tissues in other organs, e.g. suppression of hematopoiesis, has outlawed systemic administration. Instead, local implants are more adapted, for example in form of a biodegradable polymer impregnated with carmustine (Gliadel® wafer) that is inserted into the tumor resection site at the time of surgery. Although overall survival may improve to some extent, local adverse effects such as extensive edema and infection are not negligible and have to be weighed against the potential small benefit (32). Contrary to temozolomide, neither carmustine nor lomustine are recommended as a first choice agent (15,20).

While chemotherapeutics only include drugs that target neoplastic cells per se, there is some medication, e.g. bevacizumab (Avastin®), that attacks supportive structures such as the tumor microvasculature. However, as there are no considerable improvements in overall survival when administered in combination with radiochemotherapy in newly-diagnosed GBM patients (33), bevacizumab is not recommended as part of the primary treatment.

Radiotherapy of GBM

Radiotherapy (RT) makes use of ionizing radiation, i.e. the transfer of enough energy, carried by particles or electromagnetic waves, to detach electrons from atoms. The most common way to deliver ionizing radiation in medicine is the use of X-rays with a frequency of around 10 16 to 10 19 Hz and a wavelength ranging from pico-to nanometers (see X-rays used in radiotherapy are amongst electromagnetic waves with a frequency of ~10 18 Hz and a wavelength in the range of pico-to nanometers.

As mentioned before, radiotherapy is one of the major, not to say the main factor in glioblastoma treatment knowing that it has proven its superior efficacy since the late 1950s (34). As early as in the year 1978, Walker et al. have shown that median survival of high-grade glioma patients increases from around 3.5 months with conventional, supportive care to 9 months with radiotherapy (delivering 50 to 60 Gy in ~2 Gy fractions over 5 to 6 weeks to the whole brain) (35). The protocol has been refined over the years even though the Stupp regimen still remarkably resembles RT protocols of the early days (with exception of preferring focal RT over whole-brain exposures). None of the emerging, innovative techniques that are constantly being developed (and rejected) have been integrated into the standard of care, despite promising results of many of them. This reflects the devastating nature of glioblastoma, leaving little space for hope of curing patients but much space, and need, for improvements in treatment strategies. Even if overall survival might only minimally be increased, the quality of life depends tremendously on advancements in therapeutic methods, their efficacy and adverse effects. The present thesis is focused on this goal: modifying, optimizing and advancing radiotherapy for the treatment of glioblastoma. In the following, the physical and biologic components of radiotherapy will be explained in order to set the basis for the comprehension of how this major goal might be achieved.

Interactions between ionizing radiation and biologic components

1. 1.3.3.1.1

. Effects between X-ray photons and atoms

Depending on the energy of the photon and the nature of the traversed material, different interactions can happen. Photons with a moderate energy typically interact with electrons on the outer or inner shells of the atom, while high-energy photons might lead to interactions with the nucleus. Rayleigh (or coherent) scattering counts amongst low-energy photon-matter interactions, whereas photon energies above 1.02 MeV may lead to pair production (36). 2 Two further effects, the Compton and the photoelectric effect, are of particular importance for the radiotherapeutic outcome and are shortly described in the following.

The Compton effect (or incoherent scattering, Figure 1.6-A) refers to the interaction of a photon with an electron, leading to the loss of the latter (ionization of the atom). The Compton effect may occur at an energy of around 10 2 to 10 4 keV and it is not dependent on the atomic number Z that characterizes the material. In the photoelectric effect, the incident photon is completely absorbed through the interaction with the atom and causes the detachment of an inner-shell electron. Figure 1.6-B schematically illustrates these processes.

In contrast to the Compton effect, the photoelectric effect is dependent on the atomic number and is more often induced in high-Z elements. While the photoelectric effect is dominant at rather low energies (up to ~100 keV), they have to be sufficiently high to permit the detachment of the electron, i.e. the incident photon has to carry an energy higher than, or at least the same as the electron binding energy. The probability of the photoelectric effect to happen therefore increases as the energy of the incident photon approaches the electron binding energy of the elements that the photon encounters (36).

The secondary electrons that result from the ionization of the atom can also have different effects on the neighboring atoms and represent the main factor that determines the outcome of radiation exposure on biologic tissue. Three general concepts are of importance, i.e. elastic scattering, inelastic scattering and Bremsstrahlung.

Effects on biologic tissues

Following the first "step" of photon-matter interactions, different effects of ionizing radiation on cellular structures can be elicited (e.g. direct or indirect effects), which define the consequences of radiation on the cell, the organ and the whole organism. Although all atoms and molecules within a cell can be subject to ionizing effects, the DNA is the most vulnerable target in terms of cell death or alterations of the normal cell functioning. Direct radiation A -During the Compton effect, the photon (carrying 100 to 1000 keV) induces the detachment of an electron. This leads to energy loss of the photon (longer wavelength) and scattering. The released electron (Compton electron) travels with a kinetic energy away from the atom. The electron and the scattered photon can have enough energy to ionize further atoms. The photon will eventually be absorbed by an atom. B -In the photoelectric effect, the incident photon is absorbed by the atom and causes the detachment of an inner-shell electron. This photoelectron moves away from the atom with its kinetic energy, leaving a void on the inner shell. The void is filled with an electron from an outer shell, leading either to the emission of a characteristic X-ray photon (left), or to the release of an electron from outer shells (Auger electron, right). 
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effects refer to the direct interaction of photons or secondary electrons with elements of the cell. Within a time period in the range of femto-to picoseconds, these interactions can lead to bond breaking in molecules. However, beginning with the time lapse of one picosecond from the ionizing interactions, indirect radiation effects appear, i.e. the impact of excited and ionized water molecules on cell structures. As water is the predominant molecule in cells, it is the main actor in a cascade of reactive interactions that follows the dissociation of water (water radiolysis) through ionizing radiation. Amongst the three stages of water radiolysis (37), the chemical stage is the phase in which the major damaging effects on cellular components can be seen. The produced reactive oxygen species (ROS) can oxidize proteins and lipids, which has deleterious effects on the fundaments of the cell, however, the fate of the cell depends mainly on DNA lesions and their repair.

Various radiation-associated mechanisms that cause DNA damage exist; Figure 1.7 illustrates some of these lesions schematically. The most deleterious lesions induced by ionizing radiation are DNA double-strand breaks (DSB). DSB can be rather "simple", or complex, i.e. occurring with additional single-strand breaks and base damage around the DSB.

Such complex lesions, also referred to as "clustered DNA damage", are much more difficult for the cell to repair. They are one of the hallmarks that distinguishes radiation-induced DNA damage from "simple" endogenous, diffusely distributed lesions that the DNA is confronted with on a normal daily basis (up to 50000 lesions per day (38)). The occurrence of radiationinduced DSB depends greatly on the irradiation dose; the number of DSB foci linearly increases by ~40 with an increase of dose by 1 Gy (39). Contrary to the dangerous but less frequent DSB, the majority of radiation-induced DNA lesions are single-strand breaks (SSB) or damage affecting the four nucleobases, including oxidatively modified nucleobases, abasic sites, interstrand or intrastrand cross-links and DNA-protein cross-links (40).

DNA repair processes

There are many factors that influence the type, extent and efficacy of mechanisms in cells, which aim at repairing the mentioned radiation-induced damages. For instance, well- The following DNA lesions (amongst others) can be induced directly through ionizing effects of photons and secondary electrons, or indirectly through radicals formed during water radiolysis. From left to right: DNA double-strand breaks, modification or destruction of nucleobases, interstrand cross-links, intrastrand cross-links. Extracted from http://emfsurveydallas.com/dna-cell-damage-ionizing-radiation-cancer/. differentiated cells, which have ceased their proliferative activity, induce DNA repair pathways in order to ensure faultless genome integrity for the correct functioning of the cell. DNA damage to dividing cells, in contrast, might rather result in the activation of cell cycle checkpoints.

This means that the cell cycle is temporarily paused, giving the cell time to repair the damage (or induce cell death) so that the genome errors are not passed on to the next cell generation (cf. Figure 1.8). The cascade of DNA damage responses generally follows a similar pattern during the cell cycle stages: detection of damage by sensor proteins, followed by signal transmission via signal transducer proteins towards mediators and effector proteins, which then launch further events leading to DNA repair, cell death or senescence (41).

The correct functioning of these checkpoint pathways thus prevents that altered DNA information is passed on to daughter cells, however, deficient checkpoint responses may render the genome instable and promote the transformation of normal into tumor cells. DNA damage repair pathways thus have a crucial role in radiation-induced damage responses. Amongst these pathways, base excision repair (BER) is one of the most important mechanisms counteracting lesions such as damaged bases, abasic sites or single-strand breaks. While nucleotide excision repair (NER) deals with intrastrand cross-links and "bulky" DNA lesions, non-homologous end joining (NHEJ) or homologous recombination (HR) are activated in presence of double-strand breaks (42). The latter two processes are often accompanied with the phosphorylation of the histone H2AX that can be seen already few minutes after the exposure to ionizing radiation. Although the reasons for this phosphorylation still need to be clarified, a beneficial role in DNA repair and the stabilization of chromosomes are probable (41). A -During the cell cycle, checkpoints assure the correct processing of the DNA. If DNA is damaged, cell cycle checkpoints are up-regulated, which may lead to the arrest of the cycle at the G1/S or G2/M passages or a pause during the S phase. This arrest allows for DNA to be repaired. B -The response to DNA damage includes the activation of cell cycle checkpoints and DNA repair. If the damage cannot be successfully repaired, the cell cycle can be blocked permanently, leading to senescence, or apoptosis may be induced. If damages are not repaired and remain undetected, the outcome may be genomic instability and mutations that can ultimately lead to oncogenesis. Schematic illustrations extracted and adapted from Ref. [41]. 1.1.3.3.1.4. Cell death Despite the fact that cells may have highly elaborated mechanisms that ensure effective repair of DNA damage, the exposure to ionizing radiation in oncology relies on the failure of these repair mechanisms if the damage becomes too significant, which will eventually lead to death of tumor cells or at least to the inability to further proliferate. Many kinds of cell death induction and processing have been discovered, some of which may overlap so that it can be difficult to distinguish them from each other. As neoplastic cells are the target in radiotherapy, the following overview focuses on the main mechanisms involved in cancer cell death, even though over a dozen major pathways may be described and depend on the type of damage, the cell type, the microenvironment, and many intrinsic and extrinsic factors (43).

 In mitotic catastrophe (also called mitotic death), the cell induces permanent mitotic arrest if it is unable to pass through the M phase correctly. As tumor cells may attempt to absolve a complete cell cycle several times before mitotic catastrophe halts the cycle, some tumors show delayed response to radiation exposures.

 Apoptosis takes part in the regulated cell death (RCD) and triggers the degradation of cellular components. This is followed by cell shrinkage, condensation of chromatin (pyknosis) and fragmentation of the nucleus, seen in form of apoptotic bodies.

 In contrast to apoptosis, necrosis can rather be observed through appearance of enlarged cells with ruptures of the plasma membrane from which cytoplasm can leak into the cell's surroundings. It is believed to be an unregulated process that may negatively affect the tissue, for example, via induction of inflammatory responses.

 While senescence describes a permanent cell cycle arrest, it differs from the other pathways in that the cell maintains the capacity to be metabolically active (thus not considered as one of the RCD pathways) but cannot further proliferate.

 Autophagy is related to the accumulation of damaged or old organelles into vesicles in preparation of lysosomal degradation. To a certain extent, it can be of benefit for the cell, however, cell death may result from excessive breakdown of cellular components.

While senescence is one of the main responses of normal tissue with low mitotic activity after exposure to ionizing radiation, highly proliferating tumor cells are typically affected by mitotic catastrophe. However, many mechanisms have evolved in neoplastic cells to bypass the induction of cell death or the stagnation of the cell cycle. Radioresistance not only depends on the tumor-specific defense machinery, and on further biologic factors such as the phase of the cell cycle at the time of exposure, the oxygenation status 3 and presence of immune cells, but also on physical factors including the dose and irradiation beam characteristics (44).

1. 1.3.3.2. Principles of external beam radiotherapy 1.1.3.3.2.1. The parameter "irradiation dose" Tumor as well as normal cells may to some extent be described through "standard", fitted cell survival curves with regards to the irradiation dose. 4 Typically, cell death at low doses can be seen as a shoulder within the curve (presumably the range of doses in which damage accumulates but does not lead to cell death), which eventually begins to bend. At intermediate to high doses, an exponential decrease of the surviving fraction may follow. It is a permanent effort in clinical research to induce the bending from sublethally damaged tumor cells to enhanced cell death (greater steepness of the curve) at a dose as low as possible, while normal cells survive this dose (showing the "bend" of their survival curve at respectively higher doses). "Late-responding" tissues such as the brain are more at risk to be affected by late normal tissue complications as they proliferate slowly and, thus, can only re-populate the lacking cell fraction starting off several months after radiation exposure (45). Fortunately, the shoulder of their cell survival curve usually reaches 2 to 3 Gy, i.e. the dose up to which lateresponding tissues are able to recover from sublethal damage. Delivering 2 Gy fractions over a weeks-long RT period, a 5% incidence of adverse effects (e.g. symptomatic radiation necrosis) is reached if the total dose amounts to ~70 Gy (46).

The parameter "irradiation field"

The design of a radiation treatment plan generally aims at delivering the maximal dose to as much tumor tissue as possible, while either excluding normal tissue from the irradiation field, or at least lowering the dose to a minimum. The procedure of delineating the correct target volume to be treated implies three distinct tissue volumes that can be contoured on CT and/or MR images acquired prior to the RT period. First, the gross tumor volume (GTV) is delineated and includes the totality of the macroscopic tissue lesion that can be seen on the images. Second, the clinical target volume (CTV) not only includes the macroscopic tumor but also a surrounding margin, in which the microscopic spreading of tumor cells is of high probability (e.g. CTV = GTV + 2 cm). Third, the planning target volume (PTV) takes slight movements of the patient and technical uncertainties due to the daily repositioning into consideration (e.g. PTV = CTV + 5 mm). The extent of these volumes defines further which dose is acceptable to deliver. For instance, in radiosurgery the maximal tolerated dose for brain irradiation targets measuring up to 40 mm in diameter amounts to 15 Gy, and it increases to 18 and ≥ 24 Gy if the target measures <30 and <20 mm in diameter, respectively. Further, 12 Gy is a limiting dose in radiosurgery if the exposed brain volume measures >5-10 cm 3 (46).

The parameter "irradiation fraction"

The conventional RT protocol consists of fractionated dose delivery of few gray per day over several weeks. Temporal dose fractionation relies upon the fact that dividing tumor cells are more prone to being lethally damaged through accumulation of DNA lesions as they find themselves in radiosensitive cell cycle phases (in particular the G2 and M phase). In addition, tumor cells can be re-distributed into sensitive cell cycle phases from one fraction to the next. The accumulating tumor-toxic effects throughout the radiotherapy period might thus prevent the re-population of neoplastic cells. Furthermore, the beneficial effect of fractionated radiotherapy on tumor control may be in line with re-oxygenation of the tumor mass in between fractions (47). As molecular oxygen is one of the key players in inducing DNA damage and preventing efficient repair, oxygen redistribution through the tumor neovasculature from fraction to fraction may enhance tumor cell death (48). In contrast, slowly dividing normal cells that are typically in one of the less radiosensitive phases can more efficiently recover from sub-lethal damage in between the fractions.

The parameter "irradiation geometry"

In order to increase the therapeutic ratio, it is common to deliver the total dose not from one direction (referred to as an irradiation port or incidence), but divided into lower doses, each aimed at the target from another direction and accumulating in the tumor to the desired total dose. In conformal radiotherapy, the shapes of irradiation beams delivered from diverse directions are individually designed, typically using automated beam-shaping elements called multileaf collimators (Figure 1.9). Thus, normal tissue can effectively be shaded and even more so as each irradiation incidence only deposits a fraction of the total dose, which precisely accumulates in the tumor through the combined, shaped beams from all of the incidences. This kind of normal tissue sparing and tumor controlling effect can be termed "geometrical effect". It has to be kept in mind, however, that an increasing volume of normal tissue is exposed to radiation with every additional incidence, thus, a minimal dose per incidence is crucial. The therapeutic ratio describes the degree of tumor destruction compared with the degree of normal tissue preservation (cf. Figure 1.10). It is obvious that, as the irradiation dose increases, damaging effects on tumor as well as normal tissues increase as well. However, the probability to induce lethal effects on the tumor (called tumor control probability, TCP) typically begins at lower doses than the probability to damage normal tissue (known as normal tissue complication probability, NTCP); at least, this is the goal of any radiotherapeutic approach. The further the NTCP curve moves to the right, the lower are the toxic effects on normal tissues at a given dose. In contrast, precise targeting of the tumor may result in the TCP curve moving to the left, so that less dose is needed for the same tumor destructive effect (and for more efficient sparing of normal tissues). The therapeutic ratio therefore depends on many factors implicated in the complex preparation of a well-defined RT protocol. For instance, dose fractionation and reduction of the irradiation field may allow the reduction of dose delivered to normal tissues, thus moving the NTCP to the right. Contrary, accumulation of proportionally higher doses in the tumor, administration of radiosensitizers to the tumor and the "pure" tumor biology may increase tumor control even at low doses, moving the TCP curve to the left (45).

Radiosurgery

The notion of stereotactic radiosurgery (SRS) implies that a defined target is precisely relocated in the anatomic compartment of the patient through orientation in a coordinate system, followed by accurate delivery of high irradiation doses to ablate the target. SRS thus represents a combination of non-invasive, high dose delivery (~15 Gy, temporally fractionated or not) with extremely well-targeted and conformal treatment configurations. Benefits of this method may be seen in an increased therapeutic ratio through steep dose gradients between the tumor and normal tissue, and in the reduction of treatment time. Applications include the delivery of SRS as a boost in combination with standard fractionated, low-dose sessions or as a single high-dose treatment option for recurrent GBM, in particular in cases where surgical removal is not possible. For the treatment of glioblastoma, SRS has revealed noteworthy benefits that make this radiation technique an acceptable alternative to conventional RT protocols. For instance, the safety and efficacy of SRS has been demonstrated in patients with recurrent GBM receiving approximately 15 Gy to the tumor site (50,51). However, no notable improvement of overall survival has been reached for decades.

Although SRS may offer certain benefits over conventional RT applications, the prescribed dose remains nevertheless limited because early and late normal tissue complications can still occur. These adverse events are mainly dictated by the irradiated volume, thus, SRS can only be employed if the target volume does not exceed a certain limit (e.g. 10-15 ml) (46,50,51). There remains an ongoing demand in defining an optimized SRS protocol with regards to dose-fractionation regimens, target volumes, and stereotactic systems, which will have to be subject of further randomized clinical trials [START_REF] Fernandes | Current Standards of Care in Glioblastoma Therapy[END_REF]. 1. 1.3.3.4

. Internal beam radiotherapy

Another way to deliver therapeutic X-ray or gamma photons to a tumor can be achieved by implanting nuclear isotopes that undergo radioactive decay within the tumor bed, known as brachytherapy. The advantage, compared with external RT, is that high irradiation doses can be deposited in the tumor, but do not reach into the surrounding normal tissue. In general, the radioactive sources only have a short range and allow the deposition of therapeutic doses in small tumors with a high degree of conformity (45,[START_REF] Combs | Radiotherapeutic alternatives for previously irradiated recurrent gliomas[END_REF].

In the case of glioblastoma, approaches include the implantation of permanent iodine-125 ( 125 I) seeds, of iridium-192 ( 192 Ir) wires, or of a silicon balloon that is filled with an 125 I solution [START_REF] Fernandes | Current Standards of Care in Glioblastoma Therapy[END_REF][START_REF] Combs | Radiotherapeutic alternatives for previously irradiated recurrent gliomas[END_REF]. The product GliaSite®, for example, emits photons of ~30 keV that are rapidly absorbed through the photoelectric effect, leading to a steep dose gradient at 0.5 to 2 cm from the source [START_REF] Wernicke | Feasibility and safety of GliaSite brachytherapy in treatment of CNS tumors following neurosurgical resection[END_REF]. Despite some benefits, a disadvantage is given in the occurrence of radionecrosis that requires reoperation. In addition, the diffuse nature of GBM oftentimes restricts the application of brachytherapy and data is lacking to prove a superior therapeutic ratio in newly-diagnosed GBM. Nevertheless, encouraging results have been shown for recurrent GBM patients [START_REF] Combs | Radiotherapeutic alternatives for previously irradiated recurrent gliomas[END_REF] and it represents an alternative in selected cases such as inoperable glioblastoma [START_REF] Chatzikonstantinou | Interstitial high-dose-rate brachytherapy in the primary treatment of inoperable glioblastoma multiforme[END_REF]. The combination with chemotherapy and/or external beam RT may further improve the survival outcome and raises the interest to continue the development of brachytherapy.

Emerging radiotherapy approaches for glioblastoma treatment

Throughout the last paragraphs, the main challenges in efficient glioblastoma treatment have been outlined and it has become clear that much work remains in order to gain in tumor control or at least improve the patient's quality of life through better normal tissue sparing.

A valid alternative for conventional radiotherapy may be given in the use of particles, i.e. protons or electrons, instead of photons [START_REF] Combs | Radiotherapeutic alternatives for previously irradiated recurrent gliomas[END_REF]. Proton therapy, for example, is advantageous regarding a dose distribution that offers high dose delivery in the tumor with a minimal dose delivered to normal tissues. This sharp dose gradient can be reached due to the characteristics of protons to deliver most of their energy focally concentrated in a certain point of depth, referred to as the Bragg peak (see Figure 1.12). Proton therapy may especially be of benefit for targeting tumors that are located in close proximity to sensitive brain structures, however, highly accurate image-guidance systems are indispensable for safe dose deposition, in particular in fractionated irradiation schemes [START_REF] Lesueur | Proton therapy for treatment of intracranial benign tumors in adults : A systematic review[END_REF]. Results of fractionated proton therapy for the treatment of recurrent GBM show that overall survival benefit (~14 months) competes with conventional photon exposures [START_REF] Saeed | Clinical Outcomes in Patients with Recurrent Glioblastoma Treated with Proton Beam Therapy Reirradiation : Analysis of the Multi-Institutional Proton Collaborative Group Registry[END_REF]. However, this promising tool is still in its infancy and large clinical trials are warranted to prove a superior therapeutic ratio over standard RT techniques.

An approach similar to proton therapy, but with the potential of reaching an even higher relative biological effectiveness, has been proposed by using heavy ions, i.e. carbon ion radiotherapy (CIRT). It is suggested that the advantages of CIRT may lie in more densely ionizing processes of DNA and other cellular components, and differential immunogenic and apoptotic tumor responses, compared with photon or proton exposures. In addition, there may be an elevated efficacy when targeting hypoxic tumors and radioresistant tumor stem cells.

Ongoing clinical trials have been designed in order to address these hypotheses in GBM patients [START_REF] Kong | Carbon ion radiotherapy boost in the treatment of glioblastoma : a randomized phase I / III clinical trial[END_REF][START_REF] Combs | Randomized phase II study evaluating a carbon ion boost applied after combined radiochemotherapy with temozolomide versus a proton boost after radiochemotherapy with temozolomide in patients with primary glioblastoma : The CLEOPATRA Trial[END_REF].

Electron therapy is another way of delivering a therapeutic dose to tumor cells.

Electrons can be generated through a mobile linear accelerator (in contrast to protons that are produced through the splitting of hydrogen atoms in a cyclotron/synchrocyclotron (60), thus requiring heavy equipment). It has to be kept in mind that electrons are rapidly attenuated as they travel through tissue, which is why high energies (e.g. 18 MeV) of the imparting electrons are necessary to reach few centimeters of tissue depth. First applications of electron therapy thus concerned only superficial tumors such as skin cancer, however, modern equipment has enabled intraoperative electron radiotherapy (IOERT) which can be used to target deep-seated tumors at the time of resection. Similar to studies using proton therapy, the reported median survival for GBM patients amounted to ~14 months post electron exposure [START_REF] Schueller | 12 Years ' Experience with Intraoperative Radiotherapy (IORT) of Malignant Gliomas[END_REF]. Despite the fact that normal tissue complications were not increased, neither electron nor proton therapy (and many other emerging treatment techniques) have succeeded in improving overall survival and have only marginally enhanced the therapeutic ratio.

A further developing and promising application of RT is termed stereotactic synchrotron radiotherapy (SSRT), in which patients not only profit from the characteristics of synchrotron radiation, but also of dose enhancement through administration of intratumoral radiosensitizers. The mechanism of action is based on the principle of loading the tumor with 
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an element of high Z-number, e.g. iodine [START_REF] Adam | Heavy element enhanced synchrotron stereotactic radiotherapy as a promising brain tumour treatment[END_REF] or platinum compounds such as cisplatin [START_REF] Biston | Cure of fisher rats bearing radioresistant F98 glioma treated with cis-platinum and irradiated with monochromatic synchrotron X-rays[END_REF] or carboplatin [START_REF] Rousseau | Enhanced Survival and Cure of F98 Glioma-Bearing Rats following Intracerebral Delivery of Carboplatin in Combination with Photon Irradiation[END_REF], followed by irradiation with a monoenergetic X-ray beam of ~80 keV. It has been postulated that a cytotoxic effect occurs with local restriction to the tumor where the sensitizer accumulates, thus sparing surrounding normal tissues. First encouraging results have been obtained through preclinical animal models; for example, the intracerebral injection of cisplatin in F98 glioma-bearing rats prior to 15 Gy of radiation dose delivery led to an increase in lifespan of over 200% compared with untreated animals [START_REF] Rousseau | Efficacy of intracerebral delivery of cisplatin in combination with photon irradiation for treatment of brain tumors[END_REF]. Importantly, SSRT has been transferred towards the first clinical trials for brain metastasis treatment, conducted at the European Synchrotron Radiation Facility in France. No significant adverse effects were reported and tumors responded to SSRT; it could thus be demonstrated that synchrotron radiation delivery is feasible and safe in a clinical setting [START_REF] Adam | Synchrotron Stereotactic Radiation Therapy: A Report on Phase 1/2 Clinical Trial Achievements, Ongoing Developments, and Long-Term Prospects[END_REF].

An approach to reach a radiotherapeutical effect on brain tumors can also be proposed through boron neutron capture therapy (BNCT). Contrary to the aforementioned methods, in which the effects of the radiation beam directly act on the biological tissues, BNCT constitutes indirect effects of the neutron beam following the injection and accumulation of boron in tumor cells. Indeed, it is the release of an alpha particle and a lithium nucleus, as a boron atom captures a neutron, which results in the matter-interactions that cause tumor cell damage. Besides tumor cell selectivity of the boron compound, a main advantage of the production of the mentioned particles is their short range of ionizing radiation (~10 µm), limiting destructive effects on surrounding normal tissues [START_REF] Yoshioka | Review of accelerator-based boron neutron capture therapy machines[END_REF]. As the first clinical trial involving the treatment of GBM patients with BNCT has already been conducted in the 1950s (68), this technique is not literally considered as "emerging". However, several drawbacks (such as difficulties to reach sufficient and preferential accumulation of boron compounds in tumor tissues; heavy equipment required for the neutron beam generation) hinder to date its development towards a standard of care method [START_REF] Chen | Boron Neutron Capture Therapy: A New Generation of Targeted Charged-Particle Radiotherapy[END_REF]. Nevertheless, advancements steadily evolve (in particular in Japanese institutions [START_REF] Yoshioka | Review of accelerator-based boron neutron capture therapy machines[END_REF][START_REF] Chen | Boron Neutron Capture Therapy: A New Generation of Targeted Charged-Particle Radiotherapy[END_REF]) and promising results regarding the treatment of brain tumors with BNCT have been obtained [START_REF] Yamamoto | Boron neutron capture therapy for brain tumors[END_REF][START_REF] Miyatake | Boron neutron capture therapy for malignant brain tumors[END_REF]. Although large randomized trials are lacking, the outcomes of small patient cohorts, revealing overall survival of ~20 months (72) up to ~26 months [START_REF] Yamamoto | Boron neutron capture therapy for newly diagnosed glioblastoma[END_REF], are proof of a "hidden" extraordinary potential of BNCT, notably when combined with standard therapy approaches, and indicate an ongoing demand to expand emerging techniques for the treatment of glioblastoma.

Radiotherapy and normal tissue complications

Radiation-induced brain injury

Over the last years it has become more and more common to include neurocognitive impairment and quality of life as end points in clinical trials that investigate radiotherapeutical approaches for brain pathologies, even though data from large randomized studies remain sparse. It is thus important to define neurological consequences of radiation exposures, in particular regarding dose-volume dependent tissue alterations, as well as short-and long-term impairment of cognitive functions and of the general health status.

Acute, subacute and late normal tissue complications of radiotherapy can be mild and sparse depending on the type of pathology and the respective organ, however, in the case of brain tumor RT, they are frequent and may reach alarming severity (cf. Figure 1.13) [START_REF] Mctyre | Whole brain radiotherapy for brain metastasis[END_REF][START_REF] Greene-Schloesser | Radiation-induced brain injury: A review[END_REF].

Acute side effects, occurring during or immediately after the RT period, mainly include nausea, vomiting and headaches that can be related to brain edema, inflammation and hypertension. The resulting increase in intracranial pressure may, in severe cases, induce acute encephalopathy, i.e. cerebral herniation, neurologic deficits and altered consciousness or even death [START_REF] Young | Rapid-course radiation therapy of cerebral metastases: Results and complications[END_REF]. Further acute adverse events include body imbalances and seizures, and hair loss as well as skin reactions within the irradiation field are common. Fortunately, most of the acute symptoms are reversible and can generally be controlled through medication.

In contrast, subacute and chronic adverse effects may have a long-lasting, irreversible outcome and can seriously affect the patient's quality of life. Subacute or early-delayed side effects are those that appear approximately 1 to 6 months after the treatment and can be observed as fatigue and lethargy, possibly related to demyelination processes (the so-called somnolence syndrome). Accompanying symptoms can include weight loss and, less frequently, hormonal imbalances. These clinical signs and associated tissue changes may still be reversible but the risk to progression into late effects such as radionecrosis is given. The latter is one of the most prominent chronic or late side effects, after intervals ranging from ~6 months to several years post irradiation. Radionecrosis is also the main criterion that defines the normal tissue complication probability of treatments for brain cancer and its incidence depends principally on the total dose, the dose per fraction and the irradiated volume (46). In addition, certain brain regions, such as the corpus callosum, the brain stem and the thalamus are more at risk to be affected by symptomatically apparent radiation necrosis [START_REF] Flickinger | Analysis of neurological sequelae from radiosurgery of arteriovenous malformations: How location affects outcome[END_REF][START_REF] Barker | Dose-volume prediction of radiation-related complications after proton beam radiosurgery for cerebral arteriovenous malformations[END_REF]. In addition, white matter changes (leukoencephalopathy) and vascular damage (e.g. infarcts or calcifications) may join. Even though some of these changes might not instantly become clinically apparent, they can be confused with tumor progression on MR images (pseudoprogression) [START_REF] Walker | Postradiation imaging changes in the CNS: how can we differentiate between treatment effect and disease progression?[END_REF]. Importantly, some late adverse effects may progress to severe cognitive decline in particular in patients treated in childhood [START_REF] Mctyre | Whole brain radiotherapy for brain metastasis[END_REF]. In addition, radionecrosis may require surgical interventions to offer relief from the mass effect and from associated neurologic impairment [START_REF] Walker | Postradiation imaging changes in the CNS: how can we differentiate between treatment effect and disease progression?[END_REF].

Pathophysiological responses of radiation-induced brain injury

Despite the fact that the extrapolation of data obtained from rodent models towards a clinical context of human patient treatment is limited, precious insights into the mechanisms of radiation-induced brain injury, dose-volume dependence and neurologic consequences have been gathered thanks to preclinical investigations.

Concerning radionecrosis, the exact pathologic mechanisms are not well known.

However, it is suggested that one implicated part consists of vascular damage, either in a disruptive form leading to increased vessel permeability and edema, or in an occlusive form as vessel walls become thickened through hyalinization (coagulative or fibrinoid necrosis).

Another important part might be the damaging effects on glial cells, in particular oligodendrocytes. Direct damage to and apoptosis of these cells can lead to substantial demyelination, loss of tissue structure and even to the loss of brain volume [START_REF] Walker | Postradiation imaging changes in the CNS: how can we differentiate between treatment effect and disease progression?[END_REF].

Radiation-induced apoptosis also affects endothelial cells as well as stem and progenitor cells (see below). A further tissue response to radiation exposures includes neuroinflammation such as an increase in activated microglia and an upregulation of proinflammatory factors within few hours post irradiation. The production of cytokines frequently affects the brain microvasculature, induces edema or demyelination. These processes may be accompanied by reactive astrogliosis or leukocyte migration into the CNS. Epigenetic alterations, e.g. DNA hypomethylation or H2AX phosphorylation, might complicate the complex of radiation-induced brain injury [START_REF] Yang | Pathophysiological Responses in Rat and Mouse Models of Radiation-Induced Brain Injury[END_REF]. irradiated tissue. While most of these mediators are upregulated in a time-and dosedependent manner upon radiation exposure, some endothelial adhesion molecules may be decreased after low-dose irradiation (<1 Gy), revealing a certain anti-inflammatory effect. In contrast, repeated or prolonged exposures pose the risk to exceed the physiologic, protective EC activation and cause their dysfunctioning, which might lead to pathologic conditions such as atherosclerosis [START_REF] Baselet | Pathological effects of ionizing radiation: endothelial activation and dysfunction[END_REF].

Blood clot and plaque formation and a chronic state of vasoconstriction are thought to be underlying mechanisms in the development of radiation-induced vascular pathologies and of severe alterations of the hemodynamics that might even lead to aneurysm formation [START_REF] Lucas | Effects of Ionizing Radiation on Cerebral Vasculature[END_REF].

In addition, radiotherapy may entail EC retraction and apoptosis, the latter beginning few hours to days post exposure (e.g. of 25 Gy in rats) and presenting an initial rapid decrease of EC numbers. A following period of slow decline for several weeks may then precede a peak-like attempt of endothelial recovery, which cannot be sustained [START_REF] Lyubimova | Experimental evidence to support the hypothesis that damage to vascular endothelium plays the primary role in the development of late radiation-induced CNS injury[END_REF]. Not only vascular necrosis and eventually loss of tissue substance may ensue but also an increased vessel permeability and BBB breakdown [START_REF] Yuan | Effects of fractionated radiation on the brain vasculature in a murine model : Blood-Brain Barrier permeability, astrocyte proliferation, and ultrastructural changes[END_REF]. Combined with immune system activation, they can lead to intracranial vasogenic edema that may have fatal consequences due to the mass effect [START_REF] Ball | Neurotoxicity of Radio/Chemotherapy In Children : Pathologic and MR Correlation[END_REF].

Moreover, endothelial cells are not the only vascular entity that is negatively affected through ionizing radiation; loss of pericytes and smooth muscle cells, a thickening of the basement membrane and a breakdown of the extracellular matrix further complicate the picture of vessel damage and rarefaction [START_REF] Lucas | Effects of Ionizing Radiation on Cerebral Vasculature[END_REF].

Importantly, radiation-induced cognitive decline may stem from vascular damage, in particular a decrease of vessel density and blood volume, and thus a reduction in oxygen and nutriment supply in hippocampal regions. Indeed, vascular rarefaction in the hippocampus, observed after fractionated WBRT in mice (total dose of 36 Gy), was associated with a progressing decrease of spatial memory for several months post exposure. Conversely, a systemic induction of hypoxia stimulated the formation of new blood vessels and led to a longlasting recovery of cognitive functions [START_REF] Warrington | Whole Brain Radiation-Induced Impairments in Learning and Memory Are Time-Sensitive and Reversible by Systemic Hypoxia[END_REF]. These findings demonstrate the tight interplay of the neurovascular unit, which also depends on the functionality of glial cells and the recruitment of endothelial progenitor cells. However, the exact consequences of radiation exposures on each of these components and on the neurovascular unit as a whole remain elusive [START_REF] Warrington | Whole Brain Radiation-Induced Vascular Cognitive Impairment: Mechanisms and Implications[END_REF].

Dose-dependence of normal brain tissue responses to RT

In many preclinical research, effects of radiation on neurogenesis have been studied

and the dentate gyrus of the hippocampus with its associated neural stem cell (NSC) niche has particularly been set in focus. It has been shown that radiation may induce changes within this niche such as dose-dependent cell loss, i.e. depletion of progenitor cells after 10 Gy (and to a lower extent after 2 Gy) of rat whole-brain radiotherapy (WBRT). Further, reduced precursor proliferation and inhibited differentiation into newborn neurons have been reported after such radiation exposures; remaining immature neurons expressed a changed morphology, accompanied by a relative increase of immature oligodendrocytes at one month after 10 Gy WBRT, which was not seen after 2 Gy irradiation [START_REF] Monje | Irradiation induces neural precursor-cell dysfunction[END_REF].

In contrast, 10 Gy of hippocampal-avoidance WBRT in mice has the potential to spare neurogenesis in the NSC niche, to mitigate hippocampal inflammation through reduction of microglial counts and to prevent alterations of spatial memory [START_REF] Tomé | A mouse model replicating hippocampal sparing cranial irradiation in humans: A tool for identifying new strategies to limit neurocognitive decline[END_REF]. Conversely, 10 Gy have led to the induction of neuroinflammation in other studies. Indeed, a striking increase of activated microglia at two months after WBRT has been seen and a progression to a chronic inflammatory state has been proposed [START_REF] Monje | Irradiation induces neural precursor-cell dysfunction[END_REF]. These findings are accentuated in a dosedependent manner; reactive astrogliosis was found in rat brains in the long term after exposure to 25 Gy of WBRT, together with demyelination of the corpus callosum and parietal white matter fibers as well as vascular necrosis [START_REF] Akiyama | Cognitive dysfunction and histological findings in adult rats one year after whole brain irradiation[END_REF].

Indeed, rather high single doses are necessary to detect histopathologic changes such as fibrinoid vessel alterations and white matter (WM) necrosis. The critical dose for WM necrosis, particularly affecting the fimbria, has been set at ≥ 22.5 Gy, appearing from 39 weeks after the radiation exposure [START_REF] Calvo | Time-and dose-related changes in the white matter of the rat brain after single doses of X rays[END_REF]. In contrast, lower single doses or the exposure to fractionated irradiation, e.g. 2 to 5 Gy per fraction, allows long-term follow up of animals and the evaluation of cognitive functions. However, even such low doses can cause cell apoptosis, increased BBB permeability and the upregulation of VEGF expression, as reviewed by Yang et al. [START_REF] Yang | Pathophysiological Responses in Rat and Mouse Models of Radiation-Induced Brain Injury[END_REF]. While these changes typically peak at 12 to 24 hours post exposure, they may persist for several weeks. The majority of radiation-induced tissue changes thus follows characteristic time-and dose-response curves.

Consequences of RT on cognitive functions

Knowledge of the neurologic decline that is associated with radiation exposures is evermore evolving. It is now widely accepted that brain irradiations affect the integrity of episodic memory, executive functions, information processing speed and fine motor control.

Amongst these alterations, a decline in episodic memory is the most common adverse event, in particular after radiation exposures of the hippocampus [START_REF] Brown | Whole-brain radiotherapy for brain metastases: Evolution or revolution?[END_REF].

Hippocampal irradiation has thoroughly been studied in laboratory rodents. For instance, exposures of mice have shown that deteriorating neurogenesis mainly affects hippocampal-dependent spatial learning, such as a decline in the novel object location test [START_REF] Tomé | A mouse model replicating hippocampal sparing cranial irradiation in humans: A tool for identifying new strategies to limit neurocognitive decline[END_REF] or the water maze task [START_REF] Rola | Radiation-induced impairment of hippocampal neurogenesis is associated with cognitive deficits in young mice[END_REF]. This decline was found especially in young irradiated animals [START_REF] Rola | Radiation-induced impairment of hippocampal neurogenesis is associated with cognitive deficits in young mice[END_REF], whereas decreased neurogenesis may be less marked in older animals (e.g. no effect of 10 Gy WBRT on the density of immature neurons in 2.5 year-old rats (94)). However, cognitive impairment has also been seen in old rats after a course of conventionally fractionated WBRT (30 Gy in 10 fractions), resembling the syndrome of radiation-induced dementia. Behavioral deterioration can thus be observed at any age and despite the absence of histopathological alterations [START_REF] Lamproglou | Radiation-induced cognitive dysfunction: An experimental model in the olf rat[END_REF].

In addition to the deterioration of hippocampal-dependent cognitive functions, radiation has also been shown to affect object recognition capacities that depend on the integrity of temporal lobe regions. For example, 40 Gy of fractionated whole-brain irradiation in rats caused a decline of novel object recognition (NOR) performance at ~6 months post exposure [START_REF] Greene-Schloesser | The Peroxisomal Proliferator-Activated Receptor (PPAR) α Agonist, Fenofibrate, Prevents Fractionated Whole-Brain Irradiation-Induced Cognitive Impairment[END_REF][START_REF] Lee | Chronic Administration of the Angiotensin-Converting Enzyme Inhibitor, Ramipril, Prevents Fractionated Whole-Brain Irradiation-Induced Perirhinal Cortex-Dependent Cognitive Impairment[END_REF]. Moreover, in a similar study changes in exploratory and anxiety-like behavior were found [START_REF] Brown | Changes in Imaging and Cognition in Juvenile Rats After Whole-Brain Irradiation[END_REF]. Conversely, other reports have not shown such alterations, neither after comparable fractionated WBRT [START_REF] Lamproglou | Radiation-induced cognitive dysfunction: An experimental model in the olf rat[END_REF], nor after single 10 Gy exposures [START_REF] Tomé | A mouse model replicating hippocampal sparing cranial irradiation in humans: A tool for identifying new strategies to limit neurocognitive decline[END_REF][START_REF] Rola | Radiation-induced impairment of hippocampal neurogenesis is associated with cognitive deficits in young mice[END_REF].

The relative sparsity of systematic, coherent results on radiation-induced behavioral modifications shows that research has only begun to comprehend the complexity of brain regions and cellular mechanisms that might be involved in different types of cognitive function and their impairment after irradiation. Amongst some hypotheses of mechanisms associated with neurocognitive decline are disruption of long-term potentiation in the hippocampal-PFC (prefrontal cortex) pathway and glutamate toxicity, which could be counteracted through adjuvant medication with the NMDA receptor antagonist memantine [START_REF] Zhang | Radiation induces age-dependent deficits in cortical synaptic plasticity[END_REF]. Furthermore, oxidative stress (100) and neuroinflammation may be implicated [START_REF] Monje | Irradiation induces neural precursor-cell dysfunction[END_REF]. Anti-inflammatory agents may thus reduce the number of activated microglia and limit cognitive impairment, however, the nonsteroidal anti-inflammatory drug indomethacin, for example, was only partially able to restore neurogenesis (101).

The growing role of neurologic impairment in clinical trials of brain cancer patients treated with radiotherapy underlies the importance of preclinical research that includes behavioral evaluation of the treatment outcome. For that reason, an overview of common cognitive assessment in laboratory rodents is given in the following paragraph but also in the upcoming chapters.

Assessment of cognitive functions in the laboratory rat

Even though the morphology of brain structures might vary between species, many region-specific functions are comparable. It is obvious that human behavior, including conscious and unconscious cognitive processes, speech and motor abilities, is in many ways more complex than in other animals. In contrast, different behavioral patterns, revealing highly species-specific development, have evolved in animals that cannot be found in human beings.

Despite these discrepancies, rodents remain the most widely used laboratory animals, adopted to study physiologic brain processes, distinct neurologic pathologies and the associated treatment efficacy and side-effects (102). The use of these small animals stems from convenience, reproducibility, ethical reasons and an extremely well-defined literature body, which has grown and matured over centuries (103). Even though the translation of neurocognitive functions from rodents to humans is challenging and remains inaccessible in many pathophysiologic states of the brain, it is quite astonishing in how far recurrent patterns can be found when comparing structural brain regions and associated emotional, cognitive and functional behavior between species.

One of the most common behavioral patterns that has been analyzed in the laboratory rat involves locomotion and exploration, which can be tested in the so-called open field (OF) arena. Although this behavioral construct relies on several brain regions, the basal ganglia and interconnections between the hippocampus and prefrontal areas play a predominant role. The open field test has initially be designed to study the physiologic parameter of defecation in reaction to a novel environment (104), but various other parameters have been added to modern analytic approaches. The term "emotionality" was introduced to characterize an animal showing high reactivity to a foreign situational context (105). Defecation in rats seems to be rather consistent, but other behaviors might equally apply to the term "emotionality", such as thigmotaxis 5 , rearing, freezing or grooming (106). Further employed terms, such as "exploratory drive", are oftentimes not well defined, leading to misinterpretations of animal behavior. Not only ambulation, but also stationary behavior such as head and whisker movements or rearing can be indicators of exploration (107). Similarly, the notion of anxietylike behavior displayed in a novel environment has raised concerns. For example, there is a controversial belief that animals that display a high degree of thigmotaxis are more "emotional" or anxious. However, thigmotaxis is an instinctual, evolutionary determined behavior of prey to avoid predators. Thus, the question whether the animal actually resents fear or feels rather secure when staying close to the protecting walls remains unanswered (108).

Another way of testing behavioral parameters related to certain aspects of emotionality and motor activity has been given by introducing the forced swim test. Besides locomotor behavior, mediated by brain regions as mentioned for the OF test, a stronger emphasis may be put on emotional, e.g. fear-like behavior that is believed to originate from the amygdala.

Originally designed by Porsolt et al. for the screening of drugs with antidepressant properties (109), the forced swim test has changed in its usage over time as interpretation of results

have been rather ambiguous. Initially, it was believed that immobility may be associated with depressive-like behavior. However, modern views promote that the FST does not reflect depression-related states in rodents, but rather the ability of processing information and adapting to stress. Indeed, it is nowadays encouraged to use this acquired immobility for an understanding of the evolutionary-conserved energy-sparing survival mechanisms of passive coping with an inescapable situation (110).

Several test have been established in order to assess rodent memory capacity and to point out specific regions that are involved in the process. For example, the novel object recognition test most likely relies on temporal lobe circuits in which the perirhinal cortex seems to be of predominance. Most research is based on the natural motivational process in animals that prioritizes novelty detection, i.e. anything new needs to be examined, whereas anything familiar may require attention and re-examination in case of memory decay. However, many test-specific parameters, such as test duration, retention interval and object affordances, as well as external influences and differences between individuals may greatly affect test results ( 111). An overview of common cognitive tests in rats, behavioral patterns that are evaluated and potential brain structures involved is shown in Figure 1.15. 6 6 Although the rotarod and stepping tests have been employed in this thesis, the brain region on which these tests rely (the cerebellum) has not been of central interest. The presented tests are commonly applied in cognitive evaluations in rats. In each column, the tested behavior/s are given, together with the major brain region/s that are thought of being involved in mediating these behaviors.

Microbeam Radiation Therapy

The previous paragraphs have demonstrated the progress and drawbacks of current therapeutic approaches for the treatment of glioblastoma. Most of the drawbacks are in part related to the enormous resistance of GBM to many treatment methods but to a much larger part are therapeutic limits related to the normal tissue sensitivity. This is why a constant need in ameliorating the therapeutic ratio has driven the development of a unique technique to deliver ionizing radiation, known as microbeam radiation therapy or MRT, which is based on the spatial fractionation of an initial seamless beam into an array of micrometer-wide beamlets.

Importantly, MRT has the potential to significantly improve the conventional RT protocol, not only by increasing tumor control efficacy but also by preserving normal tissues. The MRT experiments that are presented in this thesis have been conducted using synchrotrongenerated X-rays (more precisely, at the European Synchrotron Radiation Facility in Grenoble, France, see 6.1.1). In the following, the development and state-of-the-art of microbeam radiation therapy are elaborated.

Why microbeams? The discovery of the "dose-volume effect"!

It has been stressed above that normal tissue toxicity of radiation exposures depends mainly on the extent of the irradiated volume, i.e. the larger the volume of a homogeneous irradiation beam and the corresponding field size, the greater the damage to normal tissues.

The concept to reduce the irradiated volume of normal tissues as much as possible has been taken a step further in an innovative approach of spatial beam fractionation. Not only is the irradiation beam reduced in size but literally split into individual, micrometer-wide beams (microbeams), each measuring a few hundredths of the initial beam. The advantage of this method is the possibility to increase drastically the dose delivered through each microbeam, without inducing severe normal tissue damage. Hence the notion of the "dose-volume effect", allowing to escalate the irradiation dose, the smaller the irradiated volume.

Even though this innovative method using microbeams in (preclinical) radiotherapy has a rather short history, its origin stems back to 1909 with its precursor, the so-called gridtherapy. Higher doses (~60 Gy) than the former, conventional doses could be prescribed, resulting in better control of deep-seated tumors, but efficient sparing of superficial tissues. As such, A. Köhler was the founder of spatial beam fractionation, with first notions of a high "peak" dose in the grid mesh area and a low "valley" dose delivered to the shielded skin (112). In the beginning, grid-therapy was subject to much criticism and it was not before the 1960s that spatially fractionated RT experienced a second wave of interest, in particular with the application of radiation with higher penetration depth. Monte Carlo calculations in a human head phantom were established. The authors proposed for the first time "a bundle of parallel 25-µm-wide planar microbeams spaced at 200-µm intervals center-to-center" (114), which would have a better coverage of the target than cylindrical microbeams, in particular if it was aimed at from multiple directions. Indeed, these planar microbeams, "if appropriately crossfired eight times through a ~7.5-cm-deep target in the brain, should effectively irradiate (i.e., ablate or palliate) the target lesion" (114). The authors even proposed a quite concrete dose that could allow the achievement of this lesion ablation, i.e. 111 Gy of entrance absorbed dose for each microbeam, resulting in an interbeam dose of less than 3 Gy in non-targeted tissues. It was also suggested that MRT might be particularly suitable for the treatment of brain lesions (i.e. brain stem gliomas (115)) in young children who would all the more profit from the minimization of delayed radiation damage (114).

Shortly after the acquisition of these valuable dosimetrical insights, preclinical studies on Sprague-Dawley and Fischer 344 rats began (115). After the first series of MRT experiments had been conducted at the SLS in Brookhaven, the concept was also proposed, in 1992, to the directorate of the ESRF in Grenoble. Starting from that time, its development drastically accelerated and tumor cell models were adopted as candidates for MRT targets in cell cultures and laboratory animals. In order to understand the mechanisms of MRT with regards to its normal tissue sparing effect and, as it is explained in the upcoming paragraphs, to its astounding capacity of brain tumor control, three decades of research have brought about fruitful discoveries. These concern 1) the optimization of irradiation parameters, 2) MRT dosimetry, 3) insights into normal tissue radiotolerance and 4) tumor control and the potential of MRT to treat further pathologies.

Irradiation parameters of MRT

Peaks and valleys in MRT

The typical microbeam "peaks" are commonly associated with the volume or region that is traversed by the X-ray photons, which pass through the slits of a metallic collimator, and with the generally high dose that these photons deliver, thus creating a "peak region" and a high "peak dose". In contrast, the collimator absorbs the imparting photons in-between its slits. However, the shielded tissue behind the collimator is not completely spared from any dose; once the "peak photons" penetrate the tissue, scattering due to the Compton and photoelectric effect occurs, thus, a certain low dose diffuses into the so-called "valley regions", hence referred to as "valley dose" (see Figure 1.17 

Microbeam width and spacing and the irradiation field size

The number as well as the width of microbeams and the distance between the centers of two adjacent peak regions are probably the most easily adaptable parameters in MRT. In the past, many configurations have been tested by adjusting only one or several parameters at the same time in order to optimize the MRT protocol. The end points are typically the efficient control of a certain preclinical tumor model, combined with acceptable normal tissue toxicity. It is to date a challenging hurdle to conformally reduce the irradiation field size in laboratory rats and mice due to their small brain and tumor sizes and due to lacking accuracy of image guidance during irradiation (in many of the tested configurations, the tumor volume covers less than 5% of the total irradiated volume). In addition, the 9LGS model is known to be an aggressive, infiltratively-growing tumor requiring rather large field sizes (118). While data on conformal MRT protocols in rodents are almost absent, recent pig irradiations have confirmed the feasibility to precisely shape the irradiation field to the form of the target in larger animals, reducing the irradiated volume in out-of-target tissues (119).

Temporal and geometrical fractionation of MRT configurations

Only few data are available regarding the temporal fractionation of MRT, i.e. reirradiation of a target on successive days or weeks. Two main reasons explain the limitation of MRT to a single irradiation session: 1) the beam time at synchrotron facilities is tightly scheduled, allowing hardly any possibilities for flexibility and planning of successive sessions within few days and 2) it is near-impossible to re-irradiate with precise accuracy the same microbeam path, without blurring of the dose. However, work of Serduc et al. has given evidence that temporal MRT fractionation is feasible, if the tumor is targeted from different directions on consecutive days. Indeed, 9L tumor-bearing rats supported a rather high valley dose of three times 15 Gy (~400 Gy peak dose per fraction) and survived more than thrice the median survival time of untreated control rats. This approach is in particular important for the reduction of radiation toxicity as it may allow normal tissue recovery from fraction to fraction, limiting brain edema and inflammation. Yet, no notable, and hoped for, tumor-free long-term survivors were obtained in the mentioned study as all tumors eventually recurred (120). This is why MRT protocols were, and are constantly revised, changed, rejected or improved. The idea to deliver the prescribed dose through three directions is in line with the fact that bi-directional microbeam configurations have proven to be more efficient than MRT doses delivered from only one direction (121). It has thus become the standard protocol to design two orthogonally crossing arrays of microbeams with the isocenter located at the tumor cell injection site (122-128). Because a major part of this thesis addresses the importance of the geometrical MRT configuration (using multiple irradiation entrance ports) with regards to the improvement of the therapeutic ratio, a more detailed bibliographic insight hereto is given in the upcoming chapters.

Notions of MRT dosimetry

Absolute measurements and computed simulations of the peak and valley doses are, to date, challenging due to a high dose rate, a spatial resolution and steep dose gradient in the micrometer scale with doses ranging from few to thousands of gray. Two approaches are commonly undertaken in order to prescribe an accurate dose and to verify subsequently the correct dose delivery; i) experimental dosimetry (e.g. ionization chambers (IC), radiosensitive films or radiation detectors) and ii) theoretical dosimetry (Monte Carlo simulations).

For experimental dose verifications, the exposure of ionization chambers to radiation is generally conducted before the experiment to measure the dose of a spatially nonfractionated beam (reference dose) and an output factor allows the conversion to MRT doses, even at ultra-high dose rates (129). Further, radiochromic films are typically exposed before and/or during the irradiation of the animal or sample. When hit by ionizing radiation, these films change in color with an opacification that is proportional to the absorbed dose (130, 131). They not only serve for dose measurements with the help of calibration curves but also for the verification of the correct microbeam collimation, width and spacing, and the size and position of the irradiation field. In order to determine the dose delivery at a certain tissue depth, solid water phantoms or slabs (corresponding to biologic tissue density), in which the films can be inserted at the respective depth, are exposed to the prescribed MRT peak/valley dose.

Importantly, many studies have demonstrated that the absorbed dose is not highest on the surface of the sample but increases until a certain depth (dose build-up effect through secondary electrons) before it decreases as the photons pass through they may differ from results of film dosimetry because scattering from slits upstream of the beam and from the multislit collimator itself is difficult to simulate (132). 9 One of the most recent 9 Besides only incorporating photon and secondary electron interactions starting from the surface of the phantom and ignoring any beam divergence, Monte Carlo simulations generate dose profiles by merely considering a single microbeam, which is then extrapolated to create a microbeam array and complex irradiation geometries.

hybrid dose calculation algorithm has been developed by Donzelli et al. and is currently employed for dosimetrical verifications and treatment planning at the ESRF (142). Advantages of this hybrid algorithm are short calculation times and accurate dose estimations for inhomogeneous materials and for complicated beam-crossing configurations. However, as the calculations are performed using CT images (as is the case for other simulation codes), the CT voxel size (~1 mm 3 ) is a limiting factor in modelling short-ranged particle interactions, thus, oversimplifying the dose distribution associated with the micrometer-wide photon track (142).

Effects of MRT on normal tissues

Cellular changes after MRT in the normal brain

As it has been pointed out, MRT has raised interest, from its beginnings, as a potential candidate representing a superior radiotherapy technique due to its extraordinary normal tissue sparing. Despite the fact that, to date, a respective amount of literature is available, the totality of complex interactions between cellular, vascular and immunological components in individual organs and entire organisms in response to MRT remains elusive. Nevertheless, some hypotheses have been repeatedly confirmed and are presented in this paragraph.

It has been mentioned that microbeams very selectively ablate cells located in the beam paths, in particular nerve cells which undergo necrosis as early as few days after exposure and cannot repopulate the lacking fraction due to their terminal, non-dividing state (113). These changes are seen histologically at short-and long-term intervals as loss of nuclei and perikarya in the microbeam tracks, the latter appearing lighter on hematoxylin-eosin (HE) stained sections due to reduced eosinophil staining along the paths. The lightly stained small, round areas presumably correspond to fluid-filled lacunae, or microvacuoles, that replace the disappearing cell bodies (115, 121). In contrast, shortly (e.g. 12 hours) after MRT exposures darker, shrunken neuronal nuclei can be found in microbeam paths, indicating early cell death.

Later (~7 days to 1 month post irradiation (p.i.)), once nuclear debris has been removed from the paths, they appear as light "stripes" that lack neurons and also some glial cells, whereas intact endothelial cells can be found (143, 144). 10 Conversely, glial cells seem to be less involved in necrotic processes induced by microbeams. Quite to the contrary, Zeman et al. reported that astrocytes may form a "fine fibrillary network throughout the lesion" and that oligodendrocytes can be increased in 10 Note that the early tissue changes associated with microbeam tracks (immediately after the exposure and until ~1 week p.i.) can quite easily be visualized with a specific antibody in immunofluorescent analysis that targets a phosphorylated histone-subgroup (γH2AX), which is related to DNA doublestrand breaks. At later time points, HE staining is usually well adapted to detect microbeam stripes and together these methods can be used to verify the correct geometry and extent of the irradiation field.

number (113), a suggestion that was also made by Slatkin et al., even situated within the microbeam path (115).

Vascular effects as the leading paradigm for normal brain radiotolerance

The most important factor implied in the high radiotolerance of normal tissues to MRT is typically defined as the exceptional vascular resistance and repair capacity. Indeed, the unexpectedly sparse appearance of vascular damage has routinely been outlined (cf. The reasons for this vascular tolerance may be multi-fold as various hypotheses have been established, and have partly been confirmed. They include the assumption that microbeams may be small enough to "miss" vessels or that endothelial cells (ECs) located in A similar study on immature tissues investigated the repair capacity of mature and immature vasculature in the caudal fin of zebrafish after exposure to MRT, compared with irradiation through so-called minibeams (beams that are collimated similar to microbeams, but in a larger width range, from ~200 to 800 µm). 11 D. Brönnimann et al. found that both, microand minibeams damaged immature vessels, however, the latter recovered from the temporary vessel discontinuation until 48 hours after exposure to ≤ 100 µm-wide microbeams. An early 11 Further studies have investigated the effects of minibeams (297-299), however, their results will not be elaborated into detail as the biologic mechanisms are presumably different from "real" microbeams and should not be confounded (note that the authors still refer to these minibeams as "microbeams"). A CAM12 6h after 300 Gy MRT B CAM12 24h after 300 Gy MRT C CAM12 24h Control inflammatory and immune response, mainly through neutrophils and thrombocyte cell adhesion, was suggested as one of the mechanisms in endothelial cell repair (153). It was demonstrated that MRT increased the permeability of 9L tumor vessels and reduced the blood volume fraction during the first weeks post exposure, which was not seen in untreated tumors in rats. However, normal brain tissue situated in beam-crossing areas of the employed 2-port-configuration also displayed vessel changes at acute to subacute time points after MRT.

Effects of MRT on brain tumors

In contrast, normal tissues in the uni-directionally irradiated contralateral region appeared 12 Common histologic findings in 9L tumors after MRT include areas of reduced cell density, necrotic or voided regions (lacunae), giant cells and disorganized, morphologically altered vasculature (in addition to other "typical" characteristics of gliosarcoma). Oftentimes, the tumor periphery remains vascularized with mitotically active cells, while the center displays dispersed cellularity and/or necrosis (122, 124). unaffected (124). In a further study, the endothelial denudation (loss of ECs while the collagen tube persists, cf. Figure 1.20) 13 was correlated with lower tumor oxygenation and hypoxia after MRT. In addition, the vessel density decreased and the distance in between them increased in MRT irradiated tumors, while normal tissues remained perfused (126).

MRT-MRT+

The response of tumor and normal brain tissues few hours after MRT exposures was later characterized by gene analysis and it was found that immunologic and inflammatory reactions may be of importance in effectively modulating tumor control (154). These findings were subsequently confirmed through transcriptomic analysis; a series of transcripts was modulated through MRT in tumor tissue up to 2 weeks p.i., involved in mitotic cell cycle arrest and immune responses, but also in radioresistance. Since they were not affected by MRT in normal tissues, they may serve as targets for combined MRT-immunotherapy (155).

The question raised if MRT not only improved animal survival and tumor growth arrest compared with untreated tumors, but also if a higher therapeutic ratio compared with conventional radiotherapy could be reached. Several studies have addressed this question using the 9LGS model in rats. The results were straightforward (see Figure 1.21): half of a certain BB dose, delivered in the MRT valleys (9 Gy), led to the same animal survival and 13 Note that denuded vessel "tubes" may still be sufficient in transporting blood throughout the tumor (124). tumor volume as the original BB dose (18 Gy), whereas an MRT valley dose of 18 Gy allowed the attainment of 3-fold smaller tumors and longer animal lifespan. The valley dose seemed thus primordial for tumor control (and inter-group comparisons) since the peak doses could be considered as equally cytotoxic along the microbeam path. These findings correlated with differential gene expression after the two irradiation modalities. For instance, MRT induced a higher amount of the macrophage CD68 transcript, an important player in inflammatory responses (157).

Other brain tumor models treated with MRT

MRT has also improved the survival of different rat strains (Fisher, Wistar) inoculated A tabular overview of selected brain tumor studies in MRT is given in Table 1.2.1.

with

Combination of MRT with adjuvant medication for brain tumor treatment

A so-far rather unexplored domain is the combination of MRT coupled to adjuvant drugs or immune-modulators. However, promising results have been delivered by Smilowitz et al.

who treated tumor-bearing rats with injections of disabled 9LGS cells (gene-mediated immunoprophylaxis). Combined with MRT, longer survival was reached than after MRT exposures alone (156). In contrast, no increase in lifespan was found when medicating 9LGSbearing rats with cisplatin or temozolomide as adjuvants to MRT, while gadolinium (Gd-DTPA), injected into the tumor shortly before irradiation, increased the median survival time by a factor of two, compared with only MRT irradiation (160). Similarly, a significant increase in lifespan, compared with MRT mono-therapy, was found when rats bearing 9LGS were injected with the chalcone JAI-51 (a drug that inhibits microtubule polymerization and may reduce tumor growth) (125). Further studies investigating combined treatment protocols might thus help to improve the therapeutic ratio of MRT even more.

MRT as a potential therapeutic method for other brain pathologies

Concerning brain pathologies other than tumors, patients suffering from epileptic seizures may one day profit from microbeam irradiations since it has been shown that this method allows to selectively interrupt neuronal signal transmission. For example, Genetic 

Thesis objectives

The first chapter of this thesis has shown that synchrotron microbeam radiation therapy for the treatment of glioblastoma has the potential to compete with conventional radiotherapeutical approaches due to the exceptional increase of the therapeutic ratio that may be achieved. Indeed, MRT causes minimal brain toxicity at reasonable peak and valley doses; broad range of immunohistologic markers have been used in the past to determine tissue alterations. However, neurocognitive assessment through standardized behavioral tests in order to examine the integrity of brain functions has only rarely been employed. In addition,

doses
MRT has primarily been used to target either specific brain regions or a certain pathologic focus; in case of the latter, normal tissue surrounding the focus and/or located in the contralateral brain structure have been examined. Yet, evaluation of MRT-induced adverse reactions when the totality of interconnected areas of the whole brain are exposed are substantially lacking. Not surprisingly, the standard protocol used for microbeam exposure of intracranial tumors has barely evolved over the last years. Neither has the optimal dose delivery been revised, nor has the irradiation field size and configuration been adapted in order to further improve the therapeutic ratio. This thesis therefore aims at i) exploring potential long-term neurotoxicity of MRT, ii)

optimizing the irradiation protocol so that normal tissues receive a minimum of radiation dose, while iii) preclinical brain tumors are efficiently controlled. Three experiments are proposed in the following chapters in order to satisfy these goals:

1) Normal rats were irradiated with whole-brain radiotherapy in MRT mode or in a hospital RT setting, delivering escalating MRT valley or broad beam doses between 5 and 25 Gy. For 10 months, tissue changes and cognitive functions were regularly assessed through MRI and an exhaustive behavioral test battery. All animals were closely monitored and veterinary evaluations were included in the study outcome.

The experiment was terminated with histochemical analysis of brain sections.

Comparisons between the dose groups and between the two irradiation modalities allowed the determination of limiting doses for the appearance of significant tissue or behavioral changes.

2) A refinement of the MRT protocol was performed; the number of irradiation incidences imparting in the brain was increased to five, allowing a proportional decrease of dose per incidence. We first tested this configuration on normal rats in order to determine the associated toxicity that may be elicited on normal brain tissues. Same as in 1), MRI, behavioral tests, histology and a veterinary follow-up were conducted throughout one year. Results confirmed the feasibility and safety of this multi-port MRT protocol.

3) Similar MRT configurations (1 to 5 ports) were employed for the treatment of 9LGSbearing rats. All of the irradiation geometries delivered the same cumulated valley dose (10 Gy) to the tumor, and survival and tumor control were compared to those obtained from tumors exposed to an equal broad beam dose. These outcomes, and those of additional multi-port MRT and BB There clearly is a lack of information regarding the tolerance of brain tissues to MRT when the ensemble of brain structures is exposed, in contrast to targeting a specific region that might be sustained even after high dose delivery and that may mask disruptive effects on the complex neuronal and vascular networks throughout the brain. In addition, assessment of tissue changes exceeding few months post irradiation is scarce, and cognitive testing and veterinary evaluations have not been routinely integrated in former studies. However, such data are indispensable in order to detect limits with regards to i) the volume of exposed normal brain tissues, ii) a maximal tolerable dose, iii) differential radiosensitivities depending on distinct cellular and tissue responses in certain brain regions and iv) acute and progressive impairments of animal behavior and of the state of physical health. It is thus essential to incorporate investigations on "excessive" normal brain exposures to MRT with long-term follow-up of animals into the current knowledge of normal (short-term) and pathologic tissue responses after MRT. Once all of the major limitations have been exploited, may the irradiation protocol be refined in a way to minimize normal tissue complications to an acceptable level, while the treatment efficacy is maximized.

Material and Methods

Animal model

Rodents are preferred in the context of most research studies because their use implies cost-effective purchase and housing, easy handling and a wide range of animal strains.

Moreover, they are reproducible and fast growing and are genetically well-characterized species. Rats were chosen for this study with regards to the large scientific reference data in radiotherapy and behavior of rats. Moreover, rats are better suited than mice for cerebral radiotherapy studies due to their larger brain size. Prior to irradiation, six animals were imaged using a computed tomography (CT) scanner (General Electrics Healthcare optima CT 660 system), with 512 x 512 pixel matrix size and slice thickness of 1.25 mm. These images were used as input data for dose calculations and the treatment planning. For irradiation, the rats were set in a lying, prone position and lead covers were placed over the muzzle, eye and ear region to protect vital organs (olfactory bulb, optic nerve, cerebellum). The X-ray beam was adapted using a multi-leaf collimator (Millennium MLC 120, Varian Medical Systems Inc., Palo Alto, USA), which offers 120 adjustable leaves and a 0.5 cm leaf resolution at the isocenter of the 40x40 cm 2 field. Thus, the field size could be collimated to 16x12 mm 2 (16 mm in length and 12 mm in width) and one single-beam, whole-brain exposure with a dorso-ventral beam trajectory was performed. One or two (for high doses) anterior fields were applied because the irradiation was limited in doses per field. To homogenize the dose deposition over the whole volume, we also used one or two (for high doses) posterior fields with a 1 cm wax bolus covering the rat heads. The exposure was achieved via a non-coplanar 6 MV beam with a dose debit of 300 Monitor Units (MU)/min (in reference conditions, the MU value amounts to 0.83 cGy, corresponding to a dose debit of ~2.5 Gy/min). Positioning of the animal was possible by first centering the rat on an external guiding laser beam, indicating the irradiation field center. Second, the Brainlab ExacTrac system allowed precise adjustments of the rat head in accordance with an X-ray image taken before exposure.

We applied escalating hospital broad beam (hBB) doses of 7, 10, 13, 17 and 25 Gy (abbr. hBB7, etc., hBB25) resulting in a total of 5 dose groups. Dose calculations and determination of dose distribution in organs at risk (cerebrum, cerebellum, olfactory bulb, eyes)

were carried out using the program Eclipse TM (Varian Medical Systems Inc., USA). These calculations were performed for delivery of 3, 5, 7 and 25 Gy meaning that the total dose per group was composed of successive exposures, adding up to the desired dose. 

Synchrotron irradiation parameters and dosimetry

Synchrotron microbeam radiation therapy (MRT) was performed at ID17 at the European Synchrotron Radiation Facility (ESRF). The generation of micron-wide irradiation beams was achieved using an ESRF-made multislit collimator (EMSC), which has its position approximately 40 meters from the ID17 wiggler. The most recent multislit collimator (MSC) has been adapted from its precursor, which was composed of two tungsten carbide (WC) blocks with slits carved into them, allowing adjustable microbeam width as they were movable against each other. In contrast, the collimator used in the present experiments consists of only one block and has a permanent, non-adjustable slit width. This single stack MSC (cf. is made of 125 radio-opaque WC plates, which are inserted into a WC box (177). These plates are spaced from each other, creating radio-lucent slits that are filled with nitrogen gas. Thus, the incoming seamless (or broad) beam can pass through the slits, while being absorbed by the solid tungsten carbide. Based on previous research (117), the width of the collimator slits has been fixed at 50 µm, spaced 400 µm apart, firstly because a good therapeutic ratio can be reached, secondly because these parameters, in addition to being effective in rats, are appropriate for larger animals and thirdly because pet animal and future human trials do not allow the risk of incorrect adjustments of two blocks that also increase unwanted photon scattering. Fast and accurate alignment of the MSC with the beam and the target is possible as the collimator is mounted on a stage driven by three motors (muy and muz for translation in the horizontal and vertical plane, respectively, murot for rotation around the vertical axis).

As the synchrotron beam is limited in height, it is necessary to translate the target vertically through the array of microbeams in order to perform irradiation with a certain field size, thus creating a vertical beam path whose height can be individually chosen. The width of the irradiation field as well as the beam height (between ~50 and 800 µm) are further determined through the spacing of horizontal and vertical slits placed upstream of the collimator, which limit the photon flux passing through them and facilitate the delivery of small irradiation doses.

In our experiment, a second cohort of rats (n=34, n=6-7 per group, cf. group distribution in Figure 2.3) was exposed to unidirectional whole-brain irradiation, applied in microbeam mode. We used a specifically manufactured rat holder, placed on a three-axis Kappa-type goniometer (ESRF design and Huber, Germany) and angled at 16° in order to align the beam horizontally with the calvaria. The rat was placed in a lying, prone position on the platform of this holder with the superior incisors hooked into a metal tooth bar and VELCRO® strap fastened around the abdomen and the platform in order to hold the animal in place during irradiation (see Figure 2.3). Monitoring of the rat throughout the whole procedure was conducted via three cameras placed in the experimental hutch and connected to monitors in the control hutch. These cameras also served for precise beam alignment in which the position of a guidance laser beam, marking the irradiation beam center, was focused on the animal head. A pink-beam X-ray image (<0.5 Gy), acquired prior to radiotherapy, allowed the correct orientation of the irradiation field (dorsal rim touching the bottom edge of the calvaria), aligned with the external laser beam in between the lateral angle of the eye and the intra-aural line (178, 179). The duration of the entire procedure, including anesthesia, positioning of the animal and irradiation, amounted to approximately 5 minutes (<1 second for the irradiation exposure).

The following parameter settings were inserted in a graphical user interface (GUI). One animal at a time was vertically translated through an array of microbeams with 520 µm beam height (as described above, the height of the irradiation field can be individually adapted and amounted in our case to 16 mm). The irradiation field consisted of 39 microbeams which were 50 µm wide and 400 µm spaced apart (center-to-center spacing), resulting in 12 mm of field width. In this way, the edges of the 16x12 mm 2 -sized irradiation field were framed by valley doses (the first and last microbeam were positioned at 0. Radiation doses were calculated using the hybrid algorithm developed by Donzelli et al. (142). During the simulations, an output factor was obtained that allowed to define the correct MRT peak dose for the specific irradiation configuration (depending, for example, on the field size, the depth in the target, microbeam width and spacing), in relation to reference dosimetry conditions, explained in the following. On the day of irradiation, experimental dosimetry was conducted using RW3 water equivalent plastic (Easy Cube, ©2020 LAB Laser Applications, Germany) in which an ionization chamber (PinPoint Ion Chamber 31014, PTW, Germany) was inserted at 2 cm depth. A seamless beam imparted on a surface of 2x2 cm 2 in the cube in order to obtain the reference dose at the day-dependent ring current and dose rate.

The output factor together with the reference dose then allowed to define the MRT peak dose imparting in the target (rat brain) (129).

Rats Note that ~680 and 1000 Gy MRT skin-entrance peak doses led to acute neurotoxicity and death within a few hours. Therefore, these two groups were replaced by rats irradiated with lower peak doses but nevertheless "valley" doses of 17 and 25 Gy. The "MRT17" and "MRT25" groups were, in fact, irradiated by microbeams depositing 400 Gy in the peaks, resulting in 10 Gy valley dose, and an additional 7 or 15 Gy synchrotron BB dose was delivered immediately afterwards (without moving the animal) in order to achieve MRT valley doses corresponding to 17 or 25 Gy BB dose. Radiochromic films (Gafchromic® HD-810 radiochromic dosimetry film, Nuclear Associates, NY, USA) were simultaneously exposed in order to validate the irradiation geometry.

Animal manipulation before, during and after irradiation

During the first few days after arrival at the animal facility, manipulation was avoided so that the rats could recover from transport and from the changed housing environment.

However, they were weighed and examined on the last 2 to 3 days before irradiation in order to ensure their well-being and to randomize animals into groups based on mean body weights.

For each irradiation procedure, rats were anesthetized with an intraperitoneal injection of xylazine/ketamine (64.5/5.4 mg.kg -1 ) after induction with 4-5% isoflurane in air. Eye ointment (Ocry-gel, TVM UK Animal Health, Oxfordshire, United Kingdom) was applied to avoid corneal desiccation. Due to short irradiation duration (<1 second at the synchrotron and <30 minutes at the hospital), no heating device was implemented in the rat holder. However, an infrared heat lamp was installed above the area where animals were allowed to recover from anesthesia. Once fully awake and vigilant, rats were returned to the GIN animal facility.

Behavioral testing

All irradiated animals were tested for cognitive and motor function 2, 6 and 10 months post irradiation (in accordance with former research on neurocognitive decline induced by cranial irradiation ( 89)) and results were compared to behavioral patterns of unirradiated normal control rats. Testing on 4 consecutive days included, in chronologic order, an open field (OF) test, novel object recognition (NOR) tasks, motor function evaluation (stepping test) and a forced swim test (FST). Animals were tested beginning with the least stressful procedure and the FST was performed at the end of each test session since it was the most tiring testing method and might have influenced any following behavioral test. However, the protocols and results are presented here in an ethologic order beginning with animal ambulation and locomotor activity, followed by motor coordination and terminating in memory capacity. 14 All animals were used to manipulation on the basis of the daily to weekly general or specific monitoring throughout the whole study; no particular handling habituation prior to testing was considered necessary. All tests were conducted during the animals' nocturnal phase (light phase) between 8 a.m. and 8 p.m. and the daily test starts were scheduled in a 24 hour-rhythm.

Scores of all animals were incorporated in this study; no outliers were removed.

Locomotion and explorative behavior: Open Field test

Rats were first tested for open field behavior. Four animals at a time were separately

placed in an open field arena consisting of 4 chambers (ViewPoint LifeSciences, Montreal, Canada) for 20 minutes. Each chamber measured 50x50 cm 2 in ground surface and 50 cm in height. The test session was video-recorded from above the arena and movement was analyzed using the EthoVision XT software (Noldus Information Technology, Netherlands). A whole-field zone and a 25x25 cm 2 center zone were designed.

Four aspects of open field behavior were characterized: 1) total walking distance in the WF zone during 20 minutes (in cm), 2) duration of immobility in the WF zone (in sec), 3) thigmotaxis versus disinhibitory behavior (time spent in the center per 20 minute test period, in %), 4) defecation (number of fecal pellets counted after removing the animal). Please see 6.2.1.1 for a detailed description of the protocol.

14 Each test session took 8 days in total because the number of animals tested in the NOR and open field tests on one day was limited to a maximum of 20 rats (6 days were accredited to the NOR and OF tests, 1 day to the stepping test and 1 day to the FST). One to three rats per irradiation group were randomly chosen on each testing day and distributed in a meticulous order, taking into consideration influencing factors such as day time, noise level in the animal facility, choice of OF chamber, ect..

Locomotion and notions of "emotionality": Forced Swim test

In the forced swim test, animals were individually placed in a beaker filled with 21°C (+/-2°C) water. Cameras were installed facing the beakers and the Viewpoint software was used to analyze swimming behavior during a 5 minutes test period. We measured three parameters; 1) duration of swimming (in seconds), 2) duration of immobility (in seconds) and

3) the latency of the transition from swimming to the first immobile behavior. 6.2.1.2 gives more details on the test protocol.

Motricity and coordination: Stepping test

In the stepping test, animals were gently obliged to cover a distance of 90 cm with their front paws. For this purpose, rats were held confined around the abdomen and torso and the forelimbs were guided to absolve lateral movements on a tabletop. Two observers counted the number of steps of the left and right front paw (3 trials for each paw moving to the left and to the right). In 6.2.1.3, more information are given on the test procedure.

Memory function: Novel Object Recognition task

After acclimatization of the rats to the arena (see OF test), the NOR task was performed. Four hours after animals were habituated to two identical objects, memory function was tested by replacing one of the two objects with a novel object. Each rat was individually habituated and tested for 10 minutes. Object exploration was analyzed in EthoVision XT.

Memory capacity was assessed via the difference between absolute exploration time of the novel object (NO) and the familiar object (FO): NO investigation = NO(s) -FO(s). A positive value indicated greater investigation of the novel than the familiar object. The complete test protocol can be found in 6.2.1.4.

Statistical analysis

The results were expressed as mean ± SEM. A Two-way ANOVA, Sidak's multiple comparisons test (significant for p<0.05), in GraphPad Prism® (GraphPad Software, USA) was used for statistical analysis of differences between groups.15 

Magnetic Resonance Imaging

Animal manipulation

Magnetic resonance imaging (MRI) was conducted at 2, 6 and 10 months post irradiation at the Grenoble Institute of Neurosciences. The rats were anesthetized in an induction chamber with 4-5% isoflurane in air and oxygen (flow rate of air at ~750 ml/min and of O2 at ~250 ml/min) and maintained at ~2.5% isoflurane during the image acquisitions via a nose cone installed in the magnet. Warm water circulated through the rat cradle to ensure maintained body temperature and a respiratory cushion continuously recorded the ventilation rate (~40-50 breath/min) to monitor the depth of anesthesia (Biopac Systems France and Small

Animal Instruments, Inc.). The acquisition time amounted to approximately 20 minutes per rat and all animals coped well with the procedure. After imaging, the rats were observed until they were conscious and moving normally before being returned to the animal facility.

MRI acquisition parameters

MRI was performed using a 4.7 Tesla (T) / 660 mT/m, 20 cm horizontal bore magnet at the GIN imaging facility ("Grenoble MRI facility IRMaGE"; Avance III TM console, Bruker

BioSpin MRI GmbH, Wissembourg, France). Once anesthetized as described above, each rat was placed in a prone position on the rat cradle and the head was set in place using a tooth bar and a cushion located underneath the mandibles. A rat head surface coil, used as a signal receiver, was placed above the calvaria and radio frequency pulses were transmitted to the brain through a volume coil (inner diameter 86 mm).

We used the program Paravision (Paravision 6.0.1, Bruker BioSpin MRI GmbH) for acquisition settings and good image quality was obtained by first launching a localizing sequence (Localizer -FLASH: Fast Low Angle SHot) in which one axial, one horizontal and one sagittal anatomic image at the isocenter were acquired in 13 seconds. This was followed by a wobble routine with transmission of a weak signal, which was manually matched and tuned to align its peak with the vertical axis (amplitude), and horizontal axis (frequency) of the reflected signal. T2-weighted Turbo RARE (Rapid Acquisition with Relaxation Enhancement) images were obtained in the axial plane. The entire brain was scanned in 3'28" minutes via acquisition of 33 slices with 0.8 mm voxel size/slice thickness, a field of view of 30 x 30 mm 2 and a matrix size of 256 x 256 pixels. On these images, the cerebrospinal fluid in the brain ventricles was displayed as hyperintense (white) signals, whereas the corpus callosum and, less pronounced, the thalamus were depicted in less intense signals compared with surrounding tissue, in particular the hippocampus. Thus, the T2-weighted images served for delineation of several regions of interest (whole brain, thalamus, hippocampus, caudate nucleus, perirhinal and prefrontal cortex).

Following, a diffusion map (DTI_EPI: Diffusion Tensor Imaging_Echo Planar Imaging) was acquired, which was matched with the slice offset of the T2-weighted images and thus centered on the whole brain. The voxel size in these images was doubled (matrix size of 128 x 128 pixels), resulting in acquisition time of only 4'16" minutes.

A fourth sequence, namely 3D T2* map (MGE: Multi Gradient Echo) was obtained in 3'56" minutes. Images in two dimensions were obtained through pulses with an echo time of Massachusetts, USA). The detailed processing of the analysis is explained in 6.2.1.5. ADC and T2* fit values were statistically evaluated using two-way ANOVA (Sidak's multiple comparison test, significant for p<0.05) in GraphPad Prism®.

Animal monitoring in the course of the study

During the first few days after irradiation, a tight monitoring schedule was implemented (daily weighing, general examination and assessment of neurologic symptoms). All animals that showed no clinical signs throughout the whole study were weighed and examined at least once a week. In case of degrading well-being, rats were weighed and examined daily and nutrient-rich food was offered. Some animals required veterinary interventions, such as dental care. These animals were put under short isoflurane anesthesia in order to trim their incisors with specialized rodent cutting forceps. In cases where mild inflammation of the periorbital area occurred, the area around the eyes was cleaned with warm water and a fluorescein test was conducted in order to determine if a corneal lesion was present. In this case, a chloramphenicol-based eye treatment (Ophtalon® balm) was implemented twice a day for 8

days. If no corneal lesion was detected, Fradexam® balm, containing framycetin and dexamethasone, was applied (same dosage and treatment duration).

Other than offering nutrient-rich food (e.g. DietGel® BOOST), no animal was force-fed; they were humanely euthanized before reaching the point of anorexia. Besides eating abnormalities resulting in severe weight loss (up to 20% of their maximal body weight), other severe symptoms such as exophthalmos, neurologic disorder or respiratory problems were taken as end points and led to immediate euthanasia. The time between irradiation and death was recorded as survival time (written as Tn with n=number of days p.i.); one day was added in case of euthanasia. Kaplan Meier survival data were plotted versus days post irradiation and survival curves were compared using a standard Log-rank (Mantel-Cox) test (significant for p<0.05) in GraphPad Prism®.

End of study

Animal euthanasia

At the end of the last MRI session at 10 months after irradiation, all animals were sacrificed in order to remove and prepare brains for histologic analysis. The animals were first individually placed in an anesthesia induction chamber and each rat was deeply anesthetized with 5% isoflurane in air and oxygen. Once the animal showed neither paw nor tail reflexes and the respiration rate had slowed to one breath every 4 to 5 seconds, they were transferred to the sampling area next to the induction chamber. Isoflurane anesthesia was maintained via a nose cone. Around 0.5 ml pentobarbital (Dolethal®, pentobarbital sodium 180 mg/ml, dosage 200 mg/kg) were administered as in intracardiac injection, which resulted in instant cardiac arrest. Care was taken to separate the euthanasia area from the animal holding zone.

Brain sampling

A standard procedure involves immediate brain removal after euthanasia, however, the present study implied time restrictions that resulted in delayed brain sampling. As brain extraction took place at the same time as MRI acquisition, a short delay of a few minutes was necessary to juggle the brain sampling and the launching of MRI sequences. This delay revealed to have slight impacts on the quality of histologic sections, but the general tissue architecture was preserved and all samples were genuinely adequate for further analysis.

Once the brain was removed, it was instantly frozen in liquid isopentane, which was previously chilled at -80°C. They were then removed from the isopentane and stored at -80°C until further analysis, which took place 5 months after the end of the animal study.

Histologic analysis

Tissue preparation

For histologic analysis, we chose 3 (immuno-labeling) to 4 (HE staining) animals per group with correct MRI acquisitions and preferably picked rats without a particular medical history that was not radiation-related. Each of the frozen samples were placed in the -18°C pre-chilled cryochamber of a cryostat (Leica CM1950, Leica Biosystems, Wetzlar, Germany).

A quick freeze shelf with a Peltier element allowed rapid freezing of the tissue, which was Two series of 20 cryosections were acquired by first transferring 20 sections at hippocampal level to the left side of the microscope slides (Thermo Scientific SuperFrost Plus™ adhesion slides). Then, a set of 20 cryosections was collected at thalamic level and placed on the right side of the microscope slides. Those slides were stored at -20°C until the staining procedures were conducted 1 to 2 weeks later.

Hematoxylin and eosin staining

For bright-field analysis of hematoxylin-eosin stained tissue, one slide per animal was chosen. Briefly, sections were fixed in a mix of methanol and ethanol, colored in Harrishematoxylin solution, processed in HCl and ammonium dilutions and colored in eosin before being transferred to a series of ascending ethanol dilutions. Before mounting in Pertex medium, sections were dipped in toluene baths. The detailed staining protocol can be found in 6.2.1.6.

One HE stained section per group was scanned in bright-field mode on a ZEISS Axio Scan.Z1 at the Grenoble Institute of Neurosciences (platform "Photonic Imaging Center"). An apochromat objective with 10-fold magnification and a numerical aperture of 0.45 was used in order to scan the entire section. The image was recorded with a camera (Hitachi HV-F202SCL) at 200 µs exposure time and with a pixel size of 0.44 x 0.44 µm 2 .

Qualitative analysis was conducted in collaboration with Pr. Jean Albert Laissue, em.

professor of pathology at the University of Bern. First, a stereo microscope (Leica/Wild M3Z) was used to visualize the section at low magnification (6.5-fold) in order to localize the regions of interest (ROIs) and to detect large tissue lesions. Second, the section was analyzed with a Zeiss microscope (Axiophot 2 with integrated camera, Kpl-W 10X eyepieces, plan-apochromat objectives) at 2.5-and 4-fold magnification to re-locate the ROIs, which was then examined in detail at 10-to 63-fold magnification. Photo-documentation was performed with the microscope-internal technology and the cellSens imaging software (Olympus Corporation).

Every section was systematically analyzed by recording and qualitatively comparing any histopathologic tissue alteration in the pre-determined cerebral regions of interest (thalamus, hippocampus, caudate nucleus and cortical regions) in addition to the cerebellum. These regions were distinguished between the right and left hemisphere. An arbitrary scoring system of potential microcalcifications was established. By screening each section at 2.5-to 5-fold magnification, calcified foci were manually counted and scored in function of the corresponding treatment group. In addition, measurements of the axial brain diameter, i.e. the distance between the right and left lateral points that were furthest apart, were taken.

Immunofluorescent staining

Choice of biomarkers

In order to analyze vessel morphology, we determined the immunoreactivities of antibodies that bound to endothelial cells and collagen proteins located in the extracellular matrix of the vessel wall (181, 182). For this reason, mouse anti-rat RECA-1 antibody (reference no. MCA970R, ABD Serotech/Bio-Rad, dilution 1/500) and goat anti-type IV collagen antibody (reference no. 1340-01, Southern Biotech, dilution 1/500) were applied.

Commonly, hypoxic states of the tissue are associated with upregulation of the glucose transporter 1 (183), which is why we chose rabbit anti-Glut-1 antibody (reference no. RB-9052-P1, Thermo Fisher Scientific, dilution 1/1000) to define hypoxic regions. The detailed staining protocol can be found in 6.2.1.7. Due to time restrictions, the quantitative analysis of vessel parameters as well as further staining of immuno-markers remains to be done as explained in 6.2.1.8.

Fluorescent coloration was reached by applying a fluorophore-labeled secondary antibody. We chose a donkey anti-goat secondary antibody (reference no. A-21081, Thermo Fisher Scientific, color blue at 350 nm, dilution 1/500) to visualize the reactivity of Coll-IV. For the labeling of primary antibodies with mouse-host species, either red-fluorescent (reference no. A-31570, Thermo Fisher Scientific, color red at 555 nm, dilution 1/500) or green-fluorescent donkey anti-mouse secondary antibody (reference no. A-21202, Thermo Fisher Scientific, color green at 488 nm, dilution 1/500) were used. The rabbit-host species antibodies were stained with either green-fluorescent (reference no. A-121206, Thermo Fisher Scientific, color green at 488 nm, dilution 1/500) or red-fluorescent donkey anti-rabbit secondary antibody (reference no. A-10040, Thermo Fisher Scientific, color red at 546 nm, dilution 1/500).

Microscopic analysis

All immuno-labeled sections were scanned on the ZEISS Axio Scan.Z1 at the Grenoble Institute of Neurosciences. Images were acquired at 10-fold magnification (numerical aperture of 0.45); scans reached from the frontal cortex to the coronal line separating the cerebrum and cerebellum. Three fluorescent color channels were employed: DAPI, EGFP (enhanced green fluorescent protein) and AF555 (alexa fluor 555 nm). The images were recorded with a camera (Hamamatsu Orca Flash) with a pixel size of 0.65 x 0.65 µm 2 . In general, the DAPI channel detected the blue staining at a light source intensity of 20% and an exposure time of 50 ms.

Green labeling was identified at 50% intensity and 50 ms exposure time in the EGFP channel.

The AF555 channel reached red-stained markers at 25% intensity and 150 ms exposure time.

All histologic illustrations were acquired using ImageJ®.

Results

Veterinary evaluations reveal limited clinical impairment after rat whole-brain MRT exposures. Maximal tolerable peak/valley doses were found.

All animals were monitored during the entire study period of 10 months and veterinary observations, including weights and survival, were noted and measures were taken according to animal ethics and veterinary awareness. A -Significant weight loss was induced at 2 months after hospital irradiation, compared with untreated animals (Ctrl; weight at 0 Gy) and MRT irradiated rats. 2m p.i.: 2 months post irradiation. Black line: hBB; green line: MRT. B -Lower weights were also observed at 6 months after hBB 17 and 25 Gy and after MRT17 exposure, compared with controls. Note that the hBB 25 Gy group was excluded from statistical analysis at 6 months post irradiation. Thus, the body weight (and any other corresponding result) of this group at 6 months p.i. has to be regarded with caution. C -At 10 months p.i., significant weight loss vs. controls was induced by both irradiation modalities but no significant difference was observed between them. Data are plotted as mean ± SEM. Significance was determined using two-way ANOVA tests for p<0.05, and noted as *hBB vs. Ctrl, °MRT vs. Ctrl, #hBB vs. MRT.

Behavioral testing indicates hyperactivity and disinhibition after MRT in rats.

Absence of prominent behavioral deficits after hospital whole-brain irradiation versus increased locomotion after MRT

Selected graphics showing results of behavioral testing at 2, 6 and/or 10 months after hospital BB (hBB) irradiation or MRT, compared with untreated control rats, are depicted in the following figures and a complete graphic illustration of results at all three time points is shown in 6.2.2.2. An abundant standard testing battery revealed that rats exposed to hospital irradiations did not show significant behavioral differences from non-irradiated animals, regardless which dose and time point post exposure. A -Open field (OF) walking distance revealed no significant differences after hospital BB irradiation, compared with control rats, at 2 months (top, 2m), 6 months (middle, 6m) or 10 months p.i. (bottom, 10m). In contrast, increased ambulation was observed after MRT throughout the whole study, compared with hBB treated and with non-irradiated animals. B -Time spent not moving in the whole-field arena (OF immobility) was similar to control scores at 10 months after hBB therapy, whereas MRT treated rats showed significantly lower immobility time. C -Similarly, animals spent significantly more time in the OF center zone during the last test session after MRT exposures, compared with hBB irradiated and control rats, which had similar scores. D -OF defecation was significantly reduced at 10 months after MRT, compared with hBB exposed rats. Data are plotted as mean ± SEM. Significance was determined using two-way ANOVA tests for p<0.05, and noted as °MRT vs. Ctrl, #hBB vs. MRT. and p=0.001, respectively), however, no significance was reached for the MRT13 and MRT17 groups (p=0. [START_REF] Flickinger | Analysis of neurological sequelae from radiosurgery of arteriovenous malformations: How location affects outcome[END_REF] 

and p=0.1).

Increased ambulation was reflected by decreased immobility after MRT exposures.

Significance was reached at 2 months p.i. for MRT10, MRT17 and MRT25 versus controls (p=0.021, p=0.009 and p<0.0001), but not for the MRT13 group (p=0.206). Corresponding to OF walking distances at 6 and 10 months p.i., significantly decreased immobility started off 10 Gy MRT valley dose, compared with untreated rats (p<0.005, Figure 2.12-B).

In addition to increased general ambulation in the whole field of the OF chamber, we also detected an increase in time spent in the center zone after MRT exposures, in particular with increasing doses and at longer time intervals p.i.. While significance compared with controls was not reached at 2 and 6 months after MRT, an MRT valley dose of 17 Gy induced significantly increased center duration at 10 months p.i. (p=0.007 vs. controls, Figure 2.12-C).

In addition, Figure 2.12-D shows that animals had lower defecation levels after MRT, compared with untreated rats. Again, the effect was more pronounced for higher doses and longer time intervals, even though no significance versus controls was reached.

Parallels could be drawn to the alterations stated above when comparing MRT and hospital irradiation since most analyzed parameters displayed scores after hBB exposure that were similar to control scores. Significant behavioral differences between hospital BB irradiation and MRT were seen for locomotion and immobility in the OF test. In general, such differences became significant beginning with 10 Gy MRT valley dose, compared with the hBB10 group (p<0.05), and for higher dose groups (Figure 2.12-A and -B). However, at 6 months p.i., 10 Gy MRT valley dose led to significantly increased OF walking distance compared with 10 Gy hBB dose (p=0.017), whereas the 13 Gy and 17 Gy groups were not significantly different from each other. Note that at 2 and 10 months p.i., significance was once again reached for OF walking scores of the MRT 10 Gy group, versus hBB 10 Gy (p<0.001), while differences between the two 13 Gy groups did not reach significance (p>0.07).

Similar differences as mentioned above were seen for OF immobility (Figure 2.12-B); rats were significantly less immobile after irradiation with MRT valley doses from 10 Gy onwards, compared with the corresponding hBB groups (p<0.05), at all three time points, revealing a remarkable consistency in dose-response effects over time.

Differences in center duration were found when comparing MRT with hBB therapy, as already seen between MRT treated and control animals, where an irradiation dose of 17 Gy induced significant effects between the two modalities at 10 months post exposure (p=0.022, A -Swim activity in the forced swim test (FST) did not significantly differ between hBB irradiation and control scores, but MRT led to increased swim levels at 2 (top), 6 (middle) or 10 months p.i. (bottom). B -Similarly, reduced FST immobility was seen after MRT at 2 (top) and 10 months p.i. (bottom), while hBB and control scores did not significantly differ. C -At 10 months p.i., the latency to FST immobility was significantly prolonged after MRT compared with hBB therapy, while the latter had similar scores to untreated animals. Data are plotted as mean ± SEM. Significance was determined using two-way ANOVA tests for p<0.05, and noted as °MRT vs. Ctrl, #hBB vs. MRT.

MRT exposures increased swimming activity in rats

immobility were seen at 6 months p.i., but the general courses of the curves resembled the ones of the first and last time point.

In order to extract information from the FST other than pure locomotor activity, we investigated the latency at which rats passed from actively swimming to the first immobile behavior. While control rats displayed short latencies at every time point (ranging from 5.2 ± 1.1 sec at 2 months to 25.8 ± 18.8 sec at 6 months), a significantly longer latency was found at 10 months after MRT exposure with 17 Gy valley dose (114 ± 45.5 sec, p=0.026 vs. controls, 

Preserved motor abilities after radiation exposures

Paw coordination and motricity (Figure 2.14, Figure 6.9) was generally similar between hBB irradiated and untreated rats as no significant differences were found.

While OF and FST results showed deviations from untreated rats, motor coordination was not significantly altered after MRT compared with controls and compared with hospital BB irradiation. Moderately, but not significantly increased left paw steps were counted at 2 months after MRT with 5, 10, 13 and 25 Gy valley dose (Figure 2.14-A), however, scores at later time points reverted to control scores.

Irradiation did not induce major cognitive deficits in novel object recognition

No significant alteration in novel object recognition capacities were seen after hospital irradiation, compared with untreated rats (see ), despite the fact that all irradiated rats had slightly lower scores (e.g. 48.3 ± 12.3 sec after hBB 25 Gy). Yet, at every test session all treated rats showed higher scores exploring the novel object, in contrast to the familiar one, several treatment groups already displayed higher signal in the "novel object corner" on heatmaps during the familiarization phase at that test point, as well as the 10 months test point.

Even though results of the NOR task are inconclusive, in particular at 6 and 10 months p.i., no significant differences were seen between MRT irradiated and control or hBB treated rats, despite the slight decrease in NO exploration scores at 2 months p.i. (e.g. 46.2 ± 4.5 sec after MRT 25 Gy, Figure 2.15).

MRI demonstrates brain region-specific vascular damage after rat WB-MRT.

ADC values decreased at sub-acute delays after hospital radiotherapy, whereas brain water diffusion increased after MRT

Magnetic resonance images were acquired one week after each behavior test session at 2, 6 and 10 months after MRT or hospital irradiation. The following figures depict selected, representative observations but complete graphic illustrations can be found in 6.2.2.3. Brain zone and sequence specific differences were observed. For instance, ADC values extracted from whole-brain diffusion maps (depicted in Object exploration in the novel object (NO) recognition task did not significantly differ from control scores after radiation exposures, despite slightly lower scores at 2 months p.i. (left) for all irradiated rats. Note that same results were obtained between the two irradiation modalities and between all dose groups. Data are plotted as mean ± SEM. In contrast to this finding of increased whole-brain ADC values after MRT, water diffusion in the hippocampus and thalamus did not noticeably deviate from untreated brains, except for ADC values obtained in the right hippocampus after ≥ 10 Gy MRT valley dose at 2 and 6 months post exposure (Figure 2.17-A). Even though these values were moderately higher than those obtained from the left hippocampus and from controls, no significance was reached and a return to the control level was observed at 10 months p.i.. ADC values of all specific brain structures, including the caudate nucleus, the perirhinal and the prefrontal cortices were never significantly different between MRT and non-irradiated animals (Figure 2.18, Figure 2.

19).

As it has been pointed out, inverse brain tissue responses were observed after hospital BB therapy and MRT, in particular with regards to whole-brain ADC values (Figure 2.16-B).

Thus, significant changes were induced at 2 months p.i. after dose delivery of 10 Gy and higher While ADC values obtained in the caudate nucleus (CN) and the perirhinal cortex did not significantly differ from control values after the individual radiation exposures, they did differ between MRT and hBB groups due to the tendency to increase after the former and to decrease after the latter irradiation modality (Figure 2.18). Thus, significance was reached between MRT and hBB doses starting off 13 Gy Contrary to comparisons of whole-brain T2* fit values between irradiated and control rats, they were not significantly different between MRT and hBB irradiation at any of the MRI sessions, even though T2* relaxation times were lower at 6 and 10 months after MRT (Figure

2.20-B).

While hippocampal T2* fits did not reach significance between the irradiation methods, prominent changes were found in thalamic nuclei (Figure 2.21-C). Initially, a significant difference was only noted in the right thalamus at 2 months p.i., where MRT valley doses of ≥ 17 Gy induced decreased T2* fits compared with the corresponding hBB dose (p<0.02), stressing the side-difference of MRT irradiated brain regions. At later delays, thalamic regions in both hemispheres were affected, leading to significantly decreased T2* fits after MRT valley doses beginning from 10 Gy (right thalamus at 6m, p<0.0005, left thalamus at 10m, p<0.005) and 13 Gy (left thalamus at 6m, p<0.001, right thalamus at 10m, p<0.0005), compared with same hBB doses. Decreasing T2* fits were observed after MRT, especially at late delays, in the right caudate nucleus where significance was seen between 17 Gy MRT/hBB dose at 6 and 10 months p.i. (p<0.005, Figure 2.22-A). Interestingly, T2* relaxation times in hBB irradiated perirhinal cortices also declined, in particular at 10 months p.i., which is why outcomes between MRT and hospital BB therapy did not significantly differ from each other (except for MRT10 vs. hBB10 at 6 months p.i., p=0.008). Finally, the absence of significant differences in T2* fits of the prefrontal cortices, and acquisition of values similar to the control level confirmed once again the rather low sensitivity of this brain region.

Histologic analysis of rat brains confirms MRT-induced vascular changes.

Histologic sections revealed a maintained general tissue architecture

We evaluated brain samples removed 10 months after hospital irradiation or MRT, compared with untreated brains, and analyzed sections histologically as seen in the following figures. Please note that brains sampled from rats in the 25 Gy groups were sampled on the day of euthanasia, thus, the common histologic sample point of 10 months p.i. could not be reached for these two groups but varied from approximately 130 to 250 days post exposure. Supplementary information on the general tissue architecture can be found in 6.2.2.4. did not significantly differ between groups.

Histologic sections showed MRT-specific microcalcifications but absence of tissue necrosis for tolerable valley doses

Hematoxylin-eosin (HE) stained sections revealed cell loss in the microbeam paths presented as pale stripes (cf. MRT13 and MRT25 in Figure 2.24-E/F; MRT17 and MRT10 in We did not observe changes observable on HE sections of MRT5 and MRT10 irradiated rats with the exception of one cluster of microcalcifications in one sample of each group. Microcalcifications were seen as the only prominent lesion in MRT13 and MRT17

groups. Indeed, calcified foci, counted on each HE section and displayed as means ± SEM in seen. However, minimal, if any, cellular reactions were induced along the margins of necrotic foci. On most MRT25 sections, the lateral ventricles were noticeably dilated and signs of hemorrhage were seen in thalamic regions.

Qualitative immunohistochemistry allowed further analysis of vascular changes

Immunostaining of collagen, endothelial cells and glucose-1-transporters, shown in C). 17 17 Note that immunomarkers artefactually bound to microcalcifications. 
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Discussion

The first experimental section of this thesis aims at clarifying so-far largely unexplored adverse effects of MRT on normal brain tissues in rats. We investigated the dose-dependence of tissue responses to MRT after whole-brain irradiation and compared results to similar hospital broad beam (hBB) exposures. A wide scope of analytical approaches was employed in order to determine the appearance of brain region-specific tissue changes, and to define the importance of lesions within these regions on normal brain functioning and a possible connection to animal behavior. Veterinary observations served for the evaluation of the safety versus toxicity of microbeam exposures.

The near-absence of anatomic changes on MR images and histologic sections after hospital BB exposures up to 25 Gy was unexpected. Contrary to our findings, Calvo et al. have

shown that white matter (WM) necrosis appeared in irradiated rat brains after doses of ≥ 22.5 Gy (250 kV X-rays) at a delay of 9 to 10 months, thus at a lower dose than in the present study. 18 Conversely, the authors report that no death occurred until one year after exposure to doses of up to 25 Gy (91), results that were also found by Hodges et al. and others (90,184).

In contrast, we were obliged to euthanize rats in the hBB25 group between 5 and 8 months post exposure, showing that death occurred before the onset of anatomopathological changes. (190,191). In addition, the sites of necrotic foci in the MRT25 group that were found predominantly in the fimbria, and to a lesser extent in the corpus callosum, are in agreement with those reported by Calvo et al.. However, as no death of animals was found, the authors advocate that necrosis of the fimbria may not be life-threatening [START_REF] Calvo | Time-and dose-related changes in the white matter of the rat brain after single doses of X rays[END_REF]. In our case, there may have been supplementary mechanisms that have caused the need to euthanize MRT25 treated rats.

As one of the leading features of hBB-associated tissue changes, we found significantly decreased ADC values, in particular at 2 months p.i. in the whole-brain ROI after 25 Gy delivery but also in specific structures such as the thalamus. Due to the increase of ADC values after MRT exposures, this parameter revealed to be one of the most distinguishing features between the two irradiation modalities, showing significant differences beginning with the smallest dose groups (5 Gy MRT valley dose versus 7 Gy hBB dose). The fact that hospital BB irradiation induced lowered ADC values was rather surprising as it is more common to observe vasogenic edema due to the disruption of the BBB in the acute to subacute phase after radiation exposures [START_REF] Walker | Postradiation imaging changes in the CNS: how can we differentiate between treatment effect and disease progression?[END_REF][START_REF] Ball | Neurotoxicity of Radio/Chemotherapy In Children : Pathologic and MR Correlation[END_REF]192). However, the appearance of cellular edema in the acute post radiation phase has also been reported in the literature (193). For instance, whole-body gamma irradiation in mice led to lower brain water diffusion in a dose-dependent manner, which was explained by swelling and proliferation of astrocytes as part of reactive gliosis, reducing the extracellular space for unrestrained water diffusion. This could also have been the case in our study, however, these results are only partly comparable because of different irradiation settings and a short investigation period of only 10 days p.i. (193). These results reflect well the fact that no changes in T2* fit values were found after hBB exposures, as the appearance of cellular edema, i.e. predominant cell swelling instead of a marked opening of the BBB hindered the extravasation of blood cells, which would have resulted in lowered T2* relaxation times. We therefore postulate that hospital broad beam irradiation induced cellular edema in the subacute phase in a dose-dependent manner, which resolved at late delays post exposure.

Contrasting the tissue modifications induced by hBB irradiations, an increase in water diffusion was observed mainly during the subacute phase (2 and 6 months p.i.) after ≥ 10 In our study, the thalamus appeared to be the most severely affected brain structure, as T2* fits differed significantly from controls and hBB irradiation after MRT valley doses from 10 Gy onwards. Similarly, microcalcifications were predominantly seen in thalamic areas, which matches the well-developed vascular network and the large size of blood vessels in the thalamus. Besides this region, well-vascularized areas can also be found in the cortex of the cerebrum and of the cerebellum (200, 201). For example, vascular measurements have been acquired by Zhang et al., who showed that in mouse brains the blood volume fraction is highest in the thalamus and cortex, while this parameter and others, such as the vessel diameter, are significantly lower in the hippocampus (cf. A further important finding is the right-sided predominance of tissue lesions in MRTirradiated rat brains. This may be explained by the photon-tissue interactions and energy transfer, which decreases with increasing depth. A certain gradient in dose deposit can be advantageous in order to preserve normal tissues situated downstream of the target, however, this gradient has to be kept in mind when treating deep-seated pathologic alterations in larger animals. In order to maintain a therapeutic dose at the target, an unacceptably high upstream dose may be required. Yet, prior studies have shown the feasibility and safety of targeting deep-seated structures in pigs through MRT exposures (119, 150). Laissue et al. even suggested that higher toxicity may result from irradiation of the small organ size in rats, whereas the absence of neurotoxic effects in pigs could be attributed to the dose attenuation in depth, sparing some part of the brain (149). The importance of radiation-induced neurotoxicity and a specific evaluation of its associated cognitive decline has been stressed before. Previous reports have shown no significant deviations of performances in cognitive tests similar to those applied in our study after WBRT in mice [START_REF] Tomé | A mouse model replicating hippocampal sparing cranial irradiation in humans: A tool for identifying new strategies to limit neurocognitive decline[END_REF][START_REF] Rola | Radiation-induced impairment of hippocampal neurogenesis is associated with cognitive deficits in young mice[END_REF]. Information on rat behavior have also been provided [START_REF] Lamproglou | Radiation-induced cognitive dysfunction: An experimental model in the olf rat[END_REF][START_REF] Brown | Changes in Imaging and Cognition in Juvenile Rats After Whole-Brain Irradiation[END_REF]185), confirming the absence of major open field score deviations until ~6 months after either fractionated WBRT (up to 40 Gy) or single WBRT exposures (up to 30 Gy). These results are in line with the fact that we did not observe a deterioration of cognitive performance after hBB therapy in our employed behavioral testing battery. In contrast, significant deficits in NO recognition were revealed in former studies, whereas anxiety-like behavior was either unaffected or increased [START_REF] Greene-Schloesser | The Peroxisomal Proliferator-Activated Receptor (PPAR) α Agonist, Fenofibrate, Prevents Fractionated Whole-Brain Irradiation-Induced Cognitive Impairment[END_REF][START_REF] Brown | Changes in Imaging and Cognition in Juvenile Rats After Whole-Brain Irradiation[END_REF]185). There may thus be radiation-induced adverse effects that mainly relate to memory capacities than to locomotor activity. The tests that we employed may not have been specific enough to detect such neurocognitive deficits.

Indeed, we have not found drastic alterations of novel object recognition capacities throughout the study. Results obtained at 2 months after whole-brain irradiation indicate i) maintained novel object recognition capacity in all rats, ii) no significant differences between irradiated and untreated animals, but a certain tendency towards lower scores after irradiation and iii) no significant differences between irradiated rats, i.e. no dose-dependent tendency of decreasing scores with higher doses or depending on the irradiation modality. With regards to MRT-related effects on object recognition, our results are in accordance with former studies conducted by Schültke et al. (123,128,172). Since the perirhinal cortex is one of the structures known to be implicated in the neural object recognition loop, we evaluated this region on MR images and found significantly decreased T2* fit values throughout the study (e.g. after ≥ 10 Gy MRT valley dose at 10 months p.i.). These values may, however, be biased due to difficulties in designing such a small ROI, framed by a large blood vessel (middle cerebral artery). As hBB irradiated brains also showed a significant decline of T2* fits in the PrC after 7 to 25 Gy exposure, even though no other brain region differed from controls on these MRI sequences, it is likely that a small fraction of PrC ROIs include a part of the artery, enough to cause a reduction in T2* fit values. Alternatively, there may be a real effect of radiation exposure on the integrity of the perirhinal cortex. In that case, the NOR task might not be sensitive enough to detect cognitive alterations originating from the temporal cortex pathway. Please see 6.3.3 for a critical discussion on drawbacks of the NOR task conduct. Future histologic evaluations will provide further information on region-specific tissue changes. Meanwhile, MRT appears to elicit only insignificant effects on object recognition abilities.

Similar to the absence of NOR performance decline, no significant deviations in motor coordination were found after MRT exposures throughout the experimental period. However, a moderate increase in left paw steps at 2 months p.i. doses was observed. The left-sided dominance of this deviation may be related to the intracerebral dose gradient, leading to a slightly higher radiation effect on the right hemisphere, which is responsible for left paw movements. In contrast, paw steps reverted to the control level at later time points. Conversely, Laissue et al. found asthenia and ataxia in some immature rat pups whose hindbrains were exposed to MRT (143), whereas no motor deficits were observed in weanling, but mature piglets after cerebellar exposures (150). Fine motor control is mediated in particular by the cerebellum and as we aimed at sparing this structure in our irradiation configuration, deficits of motricity and motor coordination can be excluded in our study after MRT exposures of mature rats. The assumption that strain-and/or species-specific differences play a role in MRT-induced behavioral changes can be reinforced by the fact that pigs have not shown hyperactivity upon MRT exposures (119, 150).

The increased activity levels in the forced swim test that we found in MRT treated rats may partly mirror the OF findings regarding a general hyperactivity. However, valley dose at which first significant differences were seen revealed to be notably higher than in the OF test, with most FST parameters becoming significantly altered at 17 Gy or more. There may thus be another mechanism involved in increased swimming activity after MRT, perhaps the capacity of stress coping (110), which may be reduced after MRT after higher dose exposures than those inducing effects on "pure" activity levels. However, at this point it is difficult to determine from our results if the MRT-induced adverse effects are related to a state of distress, altered stress coping or "pure" hyperactivity. No known studies have investigated the effects of MRT on swimming behavior in rats and it may be judicious to further experiment in the area of MRT-induced changes in stress-and/or anxiety-related behavior, possibly combined with analysis of stress hormones such as corticosterone (110).

We Locomotor activity and anxiety-like behavior are two rather vast and unspecific concepts of behavior that may be mediated by several brain structures, either independently or interconnect in form of a more complex construct of behavioral disinhibition. The thalamus is known for its mediating functions in that it serves as a transfer station of information between brain regions, organizing incoming stimuli from the external world and the release of output commands for behavior and actions. Importantly, a well-organized interplay between glutamatergic and GABAergic neurons in thalamic nuclei allow to sort the constant environmental input and prevent an uncontrolled signal transfer between brain regions (207).

The thalamus revealed to be the primarily damaged brain region, with vascular injury as the predominant cause. It may therefore be reasonable to assume that some of the behavioral changes may emanate from thalamic functions. MRT-induced thalamic damage may have resulted in a disruption of the signal sorting mechanism and a loss of control of motor activity, maybe related to the interconnection of the basal ganglia and cerebellum with the motor cortex, mediated by the group of ventral thalamic nuclei (208). In addition, input from the amygdala into the medial group of nuclei may have been disrupted, which could have led to changes in anxious behavior after MRT. Indeed, lesions to the medial dorsal thalamic nucleus have shown to be related with disinhibition, but also with emotional indifference and a disorder of diminished motivation. In general, none of the vascular thalamic syndromes reviewed by J. D.

Schmahmann correspond to the hyperactivity seen in our rats and possibly lowered anxiety (209). Bilateral thalamic infarction may in severe cases even lead to coma, confusion and severe memory impairment (209, 210), all symptoms that do not apply to our observations, however, it is unlikely that a bilateral vascular occlusion (of the paramedian artery) occurred after MRT.

Vascular damage after radiation exposures may rather occur as petechial hemorrhage [START_REF] Ball | Neurotoxicity of Radio/Chemotherapy In Children : Pathologic and MR Correlation[END_REF], i.e. microbleeds (211). Such microbleeds can be seen as hypointense foci on T2*weighted MRI sequences and it has been shown that i) they occur more frequently in younger than in older patients, ii) their incidence increases with longer delays post exposure and iii) their prevalence is slightly higher after WBRT with a total dose of ≥ 25 Gy than <25 Gy. These findings may correspond to the progressive changes seen on T2* images related to high MRT peak dose delivery in young rats, whereas 25 While the density of neurons and astrocytes was altered, no changes in microglia and oligodendrocyte densities were observed, contrary to typical findings in the hippocampus.

Nevertheless, a reduction in neurons and changed astrocytic phenotype combined with a degraded extracellular matrix indicate that effects of radiation exposures on the thalamus are not negligible (212). Quantitative analysis of cell populations in our study will help to correlate thalamic tissue alterations with behavioral changes as it is currently still uncertain in how far the thalamus is implicated in the particular hyperactivity pattern seen after MRT.

We noticed that, besides the thalamus, the caudate nucleus was the second most affected brain region after MRT exposures but only starting off 6 months p.i. and after valley doses of 17 Gy. The caudate nucleus, together with the putamen, makes up the dorsal striatum, one of the largest formations of the basal ganglia. The entity referred to as basal ganglia is in fact a group of nuclei that cover a wide range of behavioral functions, in particular associated with sensorimotor coordination. While the putamen is believed to mediate habit learning, e.g. rather "simple" stimulus-response associations, the caudate nucleus may be considered as one of the most important structures in well-planned execution of goal-directed behavior (213). In rats, however, a clear separation between the two structures of the dorsal striatum does not exist, making a precise functional distinction difficult. Interestingly, in the cat, where both structures are clearly separated, hyperactivity was seen after injection of GABA antagonists in the caudate nucleus (214). Conversely, hyperactivity was found in rats after GABA antagonist injection into the nucleus accumbens, which is part of the ventral striatum.

This hyperactivity was seen as enhanced normal behavior, including locomotion, exploration and other activities of the normal behavioral repertoire, without any motor deficits. Yael et al.

suggest that lesions in this region, receiving limbic input (so-called striatal limbic territory), may be partly responsible for attention deficit hyperactivity disorder (ADHD), seen in children as excessive shifts between normal activities, attributed to changing attention. It is possible that a similar behavioral pattern is induced by MRT in rats, which would thus not be specifically related to the caudate nucleus but to GABAergic mediated "changes in the properties of either

(1) the intrastriatal network, or (2) the extra-striatal inputs or their processing by the striatal neurons" (215). However, MRT-induced lesions that we know of so far are focused on vascular long-term damage; future explorations of the neuronal network integrity and functioning throughout the basal ganglia may confirm the above stated hypothesis.

Contrary to our findings, patients presented with small-artery disease that caused acute ischemic or hemorrhagic stroke in the caudate nucleus suffered from decreased spontaneous activity or motor deficits (216). Disinhibition occurred in only few patients, combined with restlessness and confusion, which is contradictory to the behavior seen in our rats. The authors stress the implication of the caudate nucleus in basal ganglia-thalamocortical loops; cognitive deficits seen after caudate vascular damage may depend on the loss of cortical functions through disrupted striatal efferent projections, adding to the diversity of symptoms such as memory impairment (216, 217). As stated before, chronic vascular alterations may be induced after radiotherapy in particular in the basal ganglia, seen as microcalcifications (199). However, it is uncertain if these lesions led to behavioral impairment since they may remain clinically unnoticed [START_REF] Ball | Neurotoxicity of Radio/Chemotherapy In Children : Pathologic and MR Correlation[END_REF]195). It is also important to note that recent studies exploring the effects of MRT after precise targeting of the caudate nucleus in pigs has not revealed increased activity levels ((119) and unpublished data). The implication of the caudate nucleus in MRT-induced hyperactivity and/or disinhibition in rats remains thus controversial and requires further investigations.

The observed behavioral changes in rats after MRT exposures may be part of a We have discussed in how far hyperactivity and disinhibitory effects after MRT in rats may be related to specific brain regions, however, cellular and biochemical factors have not been investigated. The latter may elicit global MRT-associated mechanisms, which could be rather unspecific for a certain brain structure. It may be recommended to look into MRT-related changes in the neuronal network, demyelination processes or astrocytic dysregulations, as well as effects on neurotransmitters (e.g. dopamine, serotonin) or even hormones (i.e. leptin).

Veterinary examinations may be considered as the most pertinent aspect in the evaluation of radiation-induced toxicity and in particular of the safety of MRT as a potential alternative for conventional radiotherapy. Amongst notable findings were i) subacute, delayed death after 25 A further main disparity between the two irradiation modalities was the acute toxicity emanating from high MRT peak dose exposures that was not induced by hospital BB therapy.

Note that acute radiation-induced toxicity in human patients, causing inevitable death, has been reported in the literature after exposure of a large brain volume to rather high doses (e.g.

10 Gy) [START_REF] Young | Rapid-course radiation therapy of cerebral metastases: Results and complications[END_REF]228). However, these studies date several decades back; nowadays, acute brain injury can generally be well managed through adjuvant medication and lower dose regimens.

In our study, we saw that "real" MRT valley doses of 17 and 25 Gy, corresponding to peak doses of ~680 and 1000 Gy, led to lethal grand mal seizures within few hours p.i.. This is the first time that a toxic peak threshold dose for whole-brain MRT exposures has been found.

Only Serduc et al. have reported similar results, i.e. an MRT peak dose of 2 x 860 Gy causing acute death of Fischer rats within days (MST of 4.5 days) (117). The slightly longer survival of these animals despite delivery of higher doses than in our study may be due to the fact that the authors used a smaller microbeam width (25 vs. 50 µm), a smaller field size (~10x14 vs.

12x16 mm 2 ) and two arrays crossing in the right caudate nucleus instead of whole-brain irradiation. 20 However, the number of microbeams was similar between the two studies (~50 vs. ~40), raising the question if a certain intolerable toxicity may stem from high MRT peak doses combined with a threshold field size or number of microbeams. 21 In general, we do not know in how far MRT-induced adverse effects reported in this study (acute toxicity, vesselassociated tissue changes and behavioral alterations) may be reproduced when field sizes of 1 to 2 cm 2 are applied in larger animals. While further rat studies may bring answers to some of the mentioned hypotheses, they will not allow to acquire crucial knowledge of MRT normal tissue effects regarding a clinically realistic setting. This is why pet animal trials, which are in preparation, will be of critical relevance in assessing the safety of conformally targeted, lowdose MRT exposures of spontaneous glioblastoma as part of a fractionated conventional irradiation scheme (so-called MRT-Boost) (158).

Contrary to the enduring health effects of hospital BB irradiation, lasting several months, MRT treated rats in the highest dose group had a rather short medical history before euthanasia. Besides rapid weight loss, ophthalmic symptoms were the predominant adverse events after MRT exposures, culminating in right-sided exophthalmos in some of the MRT25 irradiated rats. However, moderate eye lesions were observed after MRT as well as hBB 20 In contrast to our study, Serduc et al. used a spacing of 200 µm, which partly counterbalances the otherwise favorable parameters for prevention of toxicity. 21 As mentioned before, 1000 Gy MRT peak dose was well tolerated after partial brain irradiation in mice (144), and doses as high as 10000 Gy delivered through few microbeams in rat brains did not induce acute death (115).

irradiation, and dispersed throughout all dose groups. In human patients, the maximal dose delivered to the lens for brain tumor irradiation is limited to 6 Gy, presenting one of the most vulnerable organs at risk (229). Since only a fraction of MRT treated animals presented such symptoms, it is possible that the irradiation field was slightly misplaced in these cases so that some of the microbeams hit sensitive ophthalmic structures, as pointed out before (189).

Sandmeyer et al. have investigated the importance of "accidental" eye exposures in MRT during cross-fired treatment of right-sided brain tumors in rats. It was shown that lesions were found in the right eye of ~90% of animals and it was advised to spare such sensitive structures to a maximum when targeting brain tumors (230). It may be recommended to implement a setup to shield the eyes in future studies or to ascertain their out-of-target position.

Except the mentioned health problems induced by both irradiation modalities and death of both 25 Gy groups, we did not observe any other prominent radiation-induced health conditions in the remaining animals. 22 This may be one of the most important findings in this study, in particular with regards to the safety of MRT exposures. At no point throughout the 10 months post irradiation phase were animals in the 5 to 17 Gy MRT valley dose groups subject of veterinary concern. Weekly follow-up of these MRT treated rats showed that they continuously gained weight, even though they weighed slightly less than controls, which is a rather common adverse effect of RT (186, 222). Nevertheless, no anorexia occurred and their behavior upon observations in the home cage appeared completely normal. Keeping acute toxicity of extremely high MRT peak doses (>680 Gy) in mind, valley doses of up to 17 Gy appear safe from a veterinary point of view when delivered in a large irradiation field. However, a certain risk of MRT-induced hyperactivity and late vascular damage is given (minor risk at 5 / 200 Gy MRT valley / peak dose but increasing risk from 10 / 400 Gy valley / peak dose onwards). Thus, MRT valley doses of 5 to 10 Gy can be considered as safe in the forthcoming pet animal trials. For summary of this discussion, see the following Table 2.1.1.

To conclude, we can advocate that acute toxicity of microbeam exposures depend on intolerably high peak doses, whereas late toxicity mainly refers to high MRT valley doses combined with the peak dose. Dose-dependent tissue and vascular changes are concentrated in specific brain regions but the normal tissue architecture and the well-being of MRT exposed animals can be preserved until astonishingly high peak and valley doses delivered to the whole brain. This normal rat tolerance to such whole-organ, high-dose MRT irradiations reveals a promising avenue for therapeutic applications of microbeam exposures in a clinical setting, in which the safety of MRT can be ascertained through a reduction of the irradiation field, lowered doses and an optimization of the irradiation geometry. 

Chapter summary

The second experimental series that is presented in this chapter further specifies normal tissue effects of MRT, describing behavioral and tissue changes in normal rats after more focal brain exposures. We investigated aspects of normal tissue sparing when delivering a fixed cumulated MRT valley dose of 10 Gy through multiple irradiation ports (2 or 5 ports), which allowed a proportional decrease of dose per port. These results were displayed in comparison with synchrotron-generated broad beam (BB) therapy (2 ports). Vascular damages were seen, using MRI and histology, in beam-crossing regions that were targeted through multiple MRT ports. However, no tissue alterations were observed in contralateral, unidirectionally irradiated normal tissues after multiport MRT. Conversely, hyperactivity was induced by MRT but animal survival did not significantly differ, nor did major clinical symptoms occur. We can advocate that MRT delivered through multiple incidences efficiently spares normal tissues surrounding the beam-crossing target area and presents a safe protocol for brain tumor treatment.

Résumé du chapitre

La seconde série expérimentale présentée dans ce chapitre caractérise également les effets 

Focal irradiation of normal rat brains through multiple MRT ports

Context of study

The results presented in the previous chapter have revealed certain limits to the application of microbeam exposures in rats, however, the experimental set-up of whole-brain irradiation is not representative of the targeted treatment of a pathological intracranial focus.

Preclinical trials in larger animals and future clinical trials will aim at treating single brain lesions measuring only few centimeters in diameter, which is why the irradiation protocol will have to be tightly adapted to the margins of the target; whole-brain irradiation in those cases is not an spacing between the peak regions becomes so small that the valley dose drastically increases (up to 3 times) (161). It has been shown that this kind of interlaced MRT configuration can focally ablate brain tissue, which has been proven efficient to stop the propagation of seizures in rats (161-163). In contrast, tissue situated in uni-directionally exposed areas is kept free of damage. Interestingly, only one known study has investigated the efficacy of interlaced MRT on 9LGS-bearing rats, revealing a highly significant increase of median survival time (179).

However, noteworthy difficulties have been encountered, in particular the need for extremely precise alignment (234), the synchronization of irradiation with tissue motion induced by cardio-respiratory pulsations (161) and the demand for elaborated image-guidance (234).

While the alignment of microbeams may lie within an acceptable range and tissue motion can be minimized due to the rapid speed of exposure (ultra-high dose rates), image-guidance is to date a hardship in synchrotron radiotherapy. Preclinical experiments would not be feasible if individual high-resolution imaging was done imminently prior to irradiation for every animal.

Large irradiation fields are thus continuously employed in small laboratory animals in order to ensure that the target such as an invasively-growing brain tumor is situated within the field.

Even though the mentioned drawbacks may also account for imperfections in MRT configurations in which the arrays are intersecting, the risk of misalignment is much lower. A simple set-up, in which the animal is positioned horizontally on the goniometer without the need for rigid head fixation, contrary to the interlaced MRT installation as shown in Figure 2.28-B (235), can be employed. A protocol in which multiple MRT arrays are intersecting may thus represent an alternative that can more readily be translated to large animal trials.

The idea to target an intracranial pathology from multiple directions has derived from the finding that the dose delivered per port can be reduced proportionally to the number of ports, efficiently sparing normal tissue, while the target itself receives the total prescribed, therapeutic dose. Indeed, previous studies have demonstrated that normal brain tissue damage is strictly confined to the beam-crossing area (121, 124, 127), while negligible cellular/vascular lesions were found in uni-directionally exposed tissues (121, 122, 124, 126, 127, 161-163). However, the extent of normal tissue sparing, or potential tissue damage, when more than two microbeam arrays are employed, which intersect in the target's isocenter and which each deliver proportionally lower doses, has not been investigated before.

In the following paragraphs, the effects of MRT delivered to normal rat brains through two or five irradiation ports (MRT2 and MRT5) are described. Animal behavior and tissue changes were assessed until long term intervals post exposure and the results were compared to data obtained from crossed BB-and non-irradiated rats.

Material and Methods

Animal model

Thirty-four male rats of the Fischer strain were purchased from Charles River Laboratories and arrived at the ESRF animal facility at least one week before study begin.

Animal randomization was based on similar body weight per group. However, due to poor consideration, animals were not well distributed resulting in mean group weights (± SD) ranging from 174 ± 31 g to 250 ± 15 g. Even though this misdistribution was based on an experimental error that could and should have been avoided, the delivery of animals that were, supposedly, aged 8 to 10 weeks with surprisingly low and inhomogeneous body weights played an important role (cf. Charles River growth chart in 2.1.2.1). The choice of animals, the housing conditions and authorization licenses were as given in 2.1.2.1.

Irradiation procedure

Irradiation parameters and dosimetry

Synchrotron broad beam irradiation parameters and dosimetry

Synchrotron radiotherapy (RT) using a spatially non-fractionated, homogenous broad beam was conducted at the ESRF and served as a referential method resembling conventional RT. Details of beam properties and the precise irradiation procedure are given in 2.1.2.2.2, with two exceptions: 1) the ESRF multislit collimator was removed to obtain a seamless irradiation beam and 2) the beam height was reduced to 51 µm (instead of 520 µm beam height for MRT) to limit the photon flux. Briefly, seven normal Fischer rats (cf. group sizes in Figure 2.29), set in prone position on the rat holder, were exposed to two orthogonally crossing broad beams (BB2) which were deposited in a 8x8 mm 2 -sized irradiation field. First, a lateral (rightleft) beam was delivered, followed by horizontal 90° rotation of the rat holder around the animals dorso-ventral axis and a second, antero-posterior beam exposure. Both beams were designed to cross in the right frontal cerebral hemisphere with the isocenter located in the right caudate nucleus (Figure 2.30, left). In order to precisely align the irradiation field, a low-dose X-ray image was acquired prior to radiotherapy (178). This image indicated the bregma point in the skull from which coordinates were derived to place the irradiation field in accordance with our tumor studies (injection of cells into the right caudate nucleus at 5.5 mm depth from the bone plane and 3.5 mm to the right of bregma). By vertically translating the animal through irradiation beam (upwards movement) and precise opening and closing of the shutter, the irradiation field reached from the bottom edge of the calvaria 8 mm down into the brain and 3.5 mm to the right of the midsagittal plane. Dosimetrical measurements were performed as described in 2.1.2.2.2. The BB dose of each beam amounted to 5 Gy, resulting in a homogeneous dose of 10 Gy at the depth of the target. Ten control rats were left untreated. 23 The MRT peak doses given here correspond to the reference doses that are entered into the GUI, whereas the peak doses imparting into the target can only be obtained after adjustment with a specific output factor as described in 2.1.2.2.2. 

Animal manipulation before, during and after irradiation

During the first few days after arrival at the animal facility, rats were allowed to recover from transport. Three days prior to irradiation, a pre-treatment session of the Rotarod test was conducted (see behavioral testing) and one day before irradiation, all rats were weighed and examined. On the day of irradiation, they were anesthetized with 4-5% isoflurane, followed by an intraperitoneal injection of xylazine/ketamine (64.5/5.4 mg.kg -1 ). The rats' eyes were protected through application of Ocry-gel and an infrared heat lamp assured maintained body temperature in the anesthesia recovery phase. Once fully awake, rats were returned to the animal facility.

Behavioral testing

Normal irradiated rats were tested for cognitive and motor function 0. (with exception of individual Rotarod scores) were incorporated in this study; no outliers were removed.

Locomotion and explorative behavior: Open Field test

The general open field test procedure was carried out as in the first study, investigating effects of whole-brain irradiation on normal rat ambulation. Modifications of the protocol are given in 6.3.1.1. The same four general aspects of OF behavior were characterized as before,

i.e. walking distance in the whole-field (WF) and the center zone, duration of immobility in the WF zone, time spent in the center and defecation. In addition, the effect of habituation to the test environment was investigated (walking distance acquired for every 20 seconds interval as percentage of the total distance walked in the 20 minutes test period). Behavioral evolution over time was investigated and an inter-subject comparisons between irradiated and control rats were drawn.

Motricity and coordination: Rotarod test

Rats were tested on three consecutive days for motor capacities before and 0.5, 1, 2, 4, 6 and 12 months after irradiation. They were placed on a turning cylinder and time, speed and distance until the animal fell off were scored. The detailed protocol can be found in 6.3.1.2.

Group mean scores of walking time and distance were compared between irradiated and control rats and the evolution of motor function over time was analyzed.

Memory function: Novel Object Recognition task

The novel object recognition test was also performed according to the descriptions given in the first normal rat experiment (see 6. where a positive value indicated greater investigation of the novel than the familiar object.

Statistical analysis

The results were expressed as mean ± SEM and differences between groups and between sessions were determined. Statistical analysis was performed with GraphPad Prism® using two sided ANOVA, Tukey's multiple comparison (significant for p<0.05). for testing of the right-sided ROIs versus the contralateral left-sided ROIs and in-between groups (significant for p<0.05) in GraphPad Prism® (GraphPad Software, USA).

Magnetic

Animal monitoring in the course of the study

All animals were closely monitored during the first three weeks after irradiation (daily check-up and weighing every 2 to 3 days). In the following time course and until the end of the study, a weekly schedule of general examination and weighing was implemented. In case of clinical symptomatology, animals were monitored more frequently and appropriate measures were taken. For instance, reddening of the periocular area without corneal lesion was treated for 8 days with Fradexam® balm, twice a day. If weight loss was noted, wet mash and boosting food were offered. If animals did not survive until the day of the scheduled sacrifice of all rats, the time between irradiation and death was recorded as survival time (written as Tn with n=number of days p.i.). Kaplan Meier survival data were plotted versus days post irradiation and survival curves were compared using a Log-rank (Mantel-Cox) test (significant for p<0.05) in GraphPad Prism®. Animal body weights were depicted as absolute measurements, but also as the percentage of the mean control weights at every corresponding time point in order to compare weights despite the uneven animal distribution. A two-way ANOVA, Sidak's multiple comparisons test (p<0.05) in GraphPad Prism® was used to determine if differences in relative weight gain were significant for the three treatment groups throughout the study.

End of study

Shortly after the last MRI session at 12 months after irradiation, all animals were sacrificed and brains were removed for histologic analysis. The euthanasia and sampling procedures were as described in 2.1.2.6. Contrary to delayed sampling explained in the previous experiment, all brains in this study were immediately removed once the heart ceased to beat. After removal, the brains were instantly frozen in liquid, -80°C cold isopentane. All samples were stored at -80°C until further analysis, 4 months after the end of the animal study.

Histologic analysis

Tissue preparation

For histologic analysis, 4 (MRT2, BB, Ctrl) or 5 (MRT5) animals per group were chosen.

The procedure to obtain cryosections was as described in 2.1.2.7.1. Briefly, 18 µm-thick horizontal brain sections were cut and collected at approximately 4-5 mm depth from the dorsal cortical surface. This depth corresponded to the isocenter of the irradiation beam and the section localization was verified with the rat brain atlas. Forty successive cryosections per animal were collected and the slides were stored at -20°C until the staining procedures were conducted 1 to 2 weeks later.

Hematoxylin and eosin staining

One slide per animal was chosen for hematoxylin-eosin staining. The protocol was identical to the one described in 6.2.1.6. For illustrations, one HE stained section per group was scanned in bright-field mode on the GIN ZEISS Axio Scan.Z1. In addition, Pr. Jean Albert Laissue helped with the qualitative analysis of bright-field images, which were scanned at the University of Bern. For detailed descriptions of the analytic methods, see 2.1.2.7.2. Even though the main regions of interest constituted of the target (RCN) and the contralateral area (LCN), histopathologic tissue alterations in any other brain structure were noted and taken into consideration when evaluating normal tissue radio-toxicity.

Immunofluorescent staining

One slide per animal for each immuno-marker was chosen to evaluate normal tissue radiation-toxicity. The same immuno-markers and staining protocol for primary and secondary antibodies as described in 2.1.2.7. 3 Rabbit Olig2 antibody (dilution 1/5000) was employed to visualize oligodendrocytes, and cell nuclei of all populations were counter-stained with DAPI.

The immuno-labeled sections were also scanned on the ZEISS Axio Scan.Z1 using an apochromat objective with 20-fold magnification and a numerical aperture of 0.8. Each section was scanned in-between the frontal cortex and the caudal end of the caudate nucleus. The three fluorescent color channels DAPI, FITC (fluorescein isothiocyanate) and AF555 were used. The pixel size of the images amounted to 0.325 x 0.325 µm 2 . For all biomarkers labeled in green (channel FITC), the light source intensity was set to 10% and the exposure time to 50 ms. For red-stained markers (channel AF555), the intensity ranged from 10% to 20% and the exposure time amounted to 100 ms. The nuclear DAPI stain was detected at 2% intensity and 5 ms exposure time, whereas the intensity was raised to 5% and the exposure time to 50 ms in order to identify the blue labeled collagen-IV antibody. Quantitative analysis of vessels and cell populations were obtained with our homemade software MoreHisto TM from around three circular ROIs per section placed in the contralateral, left cerebral cortex that had received only a single beam trajectory. Statistical analysis of means ± SEM was performed with GraphPad Prism® through application of multiple t-tests, corrected for multiple comparisons via the Holm-Sidak method (significant for p<0.05). Histologic illustrations of the targeted right caudate nucleus (CN) and the contralateral left CN were acquired using ImageJ®.

Results

Dosimetrical analysis shows proportional dose reduction but an extensive coverage of normal rat brain tissue with additional MRT ports.

We increasing to 10 Gy. These three "steps" represented the sharp dose differences between nonirradiated versus uni-versus bi-directionally exposed tissue within the crossed geometry. This was also reflected by equal step-wise MRT peak dose deposit in the MRT2 geometry (cf. It is important to note that almost 100% of the brain received up to 2.5 Gy or 3 Gy of MRT valley dose in the MRT2 or MRT5 set-ups, respectively. Indeed, the corresponding valley dose maps in Figure 2.31-A (bottom) reveal that the cumulated area of dose distributed within these configurations covered the entire brain, contrary to the crossed BB geometry. This was due to the increasing surface of beam-crossing areas around the planned irradiation field of 8x8 mm 2 (where all planned arrays intersected) when delivering the set dose through multiple incidences. The enlarged area of microbeam trajectories resulted in considerably higher dose diffusion into the adjacent tissue. Thus, a much larger volume outside of the irradiation field received dose from crossing microbeams in the 5-port geometry.

Veterinary observations indicate minor impairment of the general health status after multiport MRT in rats.

All animals were closely monitored from the day of delivery, and in particular starting with irradiation through 2 or 5 MRT ports (MRT 2 / 5) or crossed BB irradiation (BB or BB2), until the end of the study at 12 months post irradiation. MRT5 treated rats continuously gained weight, proportional to mean weights of the control group. Indeed, rats irradiated through 5

MRT ports showed even increasing weight measurements compared with controls throughout the study, i.e. from 76 ± 4% (one day prior to irradiation) to 86 ± 2% (11 months p.i.) of the control mean weight (Figure 2.32-B). The MRT2 weight curve followed a similar progression, however, a noticeable weight drop from 1 to 2 weeks p.i. was observed, as seen in Figure 2.32-A and -B. While MRT5 treated rats only lost 2 ± 2.5% of weight relative to the control group at T7 p.i. (-1 ± 28 g mean ± SD absolute weight loss) and continuously gained weight afterwards, the MRT2 group presented a drop of body weight reaching from 85% before irradiation to 76% at T7 and T14 of the mean control weights (-8 ± 9 g mean ± SD absolute weight loss). In addition, compared with BB irradiation and control rats. All animals showed an age-dependent decline in locomotor activity, but control rats were more reluctant to enter the exposed center area than irradiated animals, especially at later time points. In addition, tracks obtained at shortand long-term intervals after MRT, in particular after MRT5, showed that rats travelled longer distances than controls in the whole-field zone, and increasingly crossed into the center zone. Representative open field walking tracks at 0.5 and 12 months (0.5m, 12m) after crossed BB (BB2) irradiation or MRT through 2 and 5 ports (MRT2 / 5), compared with untreated control (Ctrl) rats. An agedependent decline in locomotor activity was seen in all animals. In contrast, tracks obtained in the short and long term after MRT, in particular after MRT5, showed longer distances in the whole-field zone (outer black square), and increased crossings of the center zone (inner black square), while control rats were increasingly reluctant to enter the exposed center area. Green traces show small movements (5-8 cm/s) and red traces represent large movements (>8 cm/s). Immobility of the animal is shown as black dots.

Quantitative measurements of open field parameters revealed that general ambulation was initially significantly increased after microbeam exposures compared with controls (Figure 2.34-A). Indeed, distance walked in the whole-field zone of the OF chamber reached higher levels at 0.5 months after MRT5 (p=0.002). However, all irradiated animals showed a decrease in walking distance over time, approaching control values. MRT5 irradiated animals displayed B -Immobility time showed lower scores after MRT, but differences were not significant from controls. C -OF center distance revealed higher scores after MRT5 at 2 weeks p.i., compared with BB irradiated and control rats, however, scores from 4 weeks onwards were similar between all groups. D -In contrast, the ratio of time spent in the center zone per 20 minutes test period increased significantly after MRT2 and MRT5 in the long term after irradiation, compared with BB treated and control rats. E -Defecation levels of irradiated rats were decreased compared with untreated rats. F -The distance walked per 20 seconds time frames, in relation to the total distance walked in 20 minutes, showed that all animals explored the chamber preferentially in the beginning, revealing equal habituation among all groups. Data are plotted as mean ± SEM. Significance was determined using two-way ANOVA test for p<0.05, and noted as *Ctrl vs. MRT5, ^Ctrl vs. MRT2, #BB vs. MRT5, ¶BB vs. MRT2, +MRT5 vs. MRT5 at 0.5 months, °MRT2 vs. MRT2 at 0.5 months, §BB vs. BB at 0.5 months, £BB vs. BB at 2 months.

shorter walking distances at 6 and 12 months p.i., compared with scores obtained at the first test point (vs. 0.5 months p.i., p<0.02 and p<0.002, respectively) and similar results were obtained for MRT2 and BB treated rats (p<0.02 and p<0.04 for 0.5 versus 12 months p.i. after MRT2 and BB therapy, respectively). These results were mirrored by levels of immobility. 25Figure 2.34-B shows that animals spent less time not moving after MRT at all time points, and in particular after MRT5, but differences were not significant from controls or BB irradiated rats.

The distance which was travelled in the center zone is reported in Figure 2.34-C.

Significantly higher scores could be identified after MRT5 at 2 weeks p.i., compared with BB irradiated (p<0.05) and control rats (p<0.005), however, scores from 4 weeks onwards were similar between all groups (significant decrease of center distance from 2 to 4 weeks after MRT5, p=0.015). The initially high score at 0.5 months after MRT5 is in accordance with the high overall ambulation expressed by these rats, showing that rats, which walked more after microbeam exposures, also covered a longer distance in the open field center. Thus, the ratio of distance walked in the center per total distance covered in the entire chamber amounted to the same score as that of control rats at 2 weeks p.i. (15.9 ± 1.5% vs. 15.5 ± 2.3% with p>0.999 for MRT5 vs. control, not shown). Since this ratio does not take into consideration the time spent immobile in the center zone, we investigated the total duration that animals remained in the OF center, in relation to the 20 minutes test period. While this ratio, depicted in Figure 2.34-D, did not significantly differ between groups at 2 and 4 weeks p.i., it increased significantly after MRT2 and MRT5 in the long term after irradiation, compared with BB treated (vs. MRT2 p<0.003, vs. MRT5 p<0.04 at 12 months p.i.) and control rats (vs. MRT2 p<0.0005, vs. MRT5 p<0.007 at 12 months p.i.). Lower scores of fecal boli were counted for irradiated animals, compared with untreated rats, but differences in defecation did not reach significance between groups (Figure 2

.34-E).

In addition, we aimed at defining changes in habituation to the test situation. Thus, we evaluated the distance walked in the WF zone as time elapsed. Figure 2.34-F gives an example of habituation observed during the open field trial conducted at 2 weeks after irradiation; similar results were obtained at 2, 6 and 12 months p.i. for all groups. We noticed that all animals explored the chamber mainly throughout the first 3 minutes of the 20 minutes test period (initially ~5% of the total distance walked in every 20 seconds interval), time in which ambulation already showed a steep decline and reached a plateau at which 1-2% of the total distance were covered per 20 seconds time frame. Fitted values of the distance ratios showed equal habituation curves between all groups.

Preserved motricity and coordination after MRT through multiple ports

In order to evaluate deliberate motor coordination and motor learning, in contrast to spontaneous ambulation in the open field test, we conducted the Rotarod test one week before and 0.5, 1, 2, 4, 6 and 12 months after irradiation. At no time point was motor function significantly altered after multiport MRT, nor after BB irradiation, when animals were placed on the turning cylinder (Figure 2.35). However, in-subject comparisons revealed that rats irradiated through 5 MRT ports had significantly higher running scores between 2 and 4 weeks p.i. compared with their scores at later time points. For instance, Rotarod walking time decreased significantly from 0.5 to 6 months (p<0.006), and from 1 to 12 months after MRT5 (p=0.004). A similar decrease was also seen at 12 months after MRT2 (p<0.05 vs. 2 months p.i.) and after BB therapy (p<0.004 vs. 0.5 and 1 month p.i.). We noticed that controls showed likewise decreased running scores over time (p<0.04 at 2 vs. 6 months time points).

Multiport MRT sparsely affected novel object recognition capacity

Novel object recognition (NOR), reported in Figure 2.36, was expressed as the difference between novel object (NO) and familiar object (FO) investigation time. Control animals spent more time exploring the novel than the familiar object during test sessions at 0.5, 2 and 12 months (17.5 ± 3.5 sec, 2.1 ± 2.9 sec and 3.3 ± 2.6 sec for NO[sec]-FO[sec]). In contrast, lower control scores were obtained at the 6 months time point (-1.7 ± 2.4 sec). A similar reduction of scores over time was seen within irradiated groups, i.e. significantly lower scores were found at 0.5 vs. 6 months after BB therapy (p<0.003) and after MRT5 at 0.5 vs. 2 months (p<0.02) and vs. 6 months (p<0.05). None of the irradiation configurations induced significantly altered NOR performance at any test point compared with untreated rats (e.g. p=0.59 for MRT5 vs. controls at 2 months p.i.). Yet, MRT5 led to moderate deficits in object recognition. For example, scores were in the negative range at 2 months after MRT5 (-15.2 ± 7.4 sec) and at 6 months p.i. (-12.8 ± 2.3 sec). However, the novel object was preferentially observed at 2 weeks (11.4 ± 8.6 sec) and 12 months (6.8 ± 2.6 sec) after MRT5. MRT2 and BB irradiated rats stayed within the range between control and MRT5 scores at all time points.

MRI confirms in-target vascular damage and the sparing of out-of-target, unidirectionally irradiated tissues after multiport MRT in rats.

Absence of contrast enhancement in normal brain tissues after multiport MRT

Magnetic resonance imaging (MRI) was conducted 2, 6 and 12 months after irradiation (BB2 vs. MRT2 vs. MRT5) and compared to untreated control rats. T1-weighted images in Novel object recognition (NOR), expressed as the difference between time spent investigating the novel and the familiar object, seen in control and irradiated rats at 0.5, 2, 6 and 12 months after irradiation. Despite lower scores of MRT irradiated animals, differences were not significant from controls and similar NOR capacity was observed at 12 months p.i. between all groups. Data are plotted as mean ± SEM. Significance was determined using two-way ANOVA test for p<0.05, and noted as +MRT5 vs. MRT5 at 0.5 months, §BB vs. BB at 0.5 months. contrast agent Gadolinium-DOTA (Dotarem®) at 2 or 6 months after any of the irradiation procedures. 26 

MRT induced hypo-signal on T2-weighted MR images in beam-crossing areas

Qualitative analysis of representative MR images showed that BB irradiation did not induce macroscopically detectable tissue lesions (Figure 2.38). In contrast, hypo-intense signals were seen on T2-and T2*-weighted MR images in the targeted tissue after MRT5 at all time points, and to a lesser extent at 6 and 12 months after MRT2. These dark vertical stripelike markings (white arrows), which likely corresponded to lesions situated in high-dose microbeam paths, were mostly detected in the right hemisphere, but also spread out to the contralateral side after MRT5. 26 Due to time constraints, no T1-weighted images were acquired for normal control rats (cf. missing T1 sequence 6 months after BB therapy) and T1 acquisitions at the 12 months time point were replaced by more informative sequences (diffusion and T2* multi gradient echo maps). 

Histologic analysis of normal rat brains shows efficient target tissue damage but preservation of normal tissue surrounding the target.

Contralateral, unidirectionally irradiated zones were spared through multiport MRT

We analyzed brain sections sampled one year after multiport MRT (MRT2 and MRT5) or crossed BB therapy and compared results to age-matched untreated control samples. Two brain regions were of particular interest; the irradiated target (right caudate nucleus) and, more importantly, regions situated in the contralateral left hemisphere (left caudate nucleus and cortex). Please see 6.3.2.2.1 for information and illustration of the positioning of these ROIs on horizontal brain sections.

Results of the histologic analysis are shown in the following figures. In a first step, we were principally interested in radiation-induced histopathologic changes of normal brain tissue located outside the intersecting regions, i.e. tissues in the contralateral caudate nucleus and HE staining revealed typical microbeam "stripes" corresponding to the microplanar hypocellular sites where high peak doses were deposited. These stripes could easily be detected in areas of high cellularity, such as the stratum granulare of the cerebellum. While No histopathologic alterations were seen in contralateral areas where the deposited dose was subdivided in single-beam trajectories (5 Gy BB dose, 5 / 376 Gy MRT2 valley / peak dose, 2 / 137 Gy MRT5 valley / peak dose). Qualitative analysis revealed same reactivities for: hematoxylin-eosin staining (A), Collagen-IV, RECA, Glut-1 immunolabeling (B), CD68-reactivity (C), Olig2 staining (D) and NeuN-GFAP duallabeling (E). Same results between groups were obtained for quantitative analysis of total cell density (F) and number of blood vessels (G), while the density of CD68-positive cells (H) increased slightly after multiport MRT. In contrast, same oligodendrocyte (I) and neuronal cell counts (J) were found in all groups. Data are plotted as mean ± SEM. Grey: controls; black: BB2; light green: MRT2; dark green: MRT5. 

Histopathology affirmed vascular damage in the region targeted through multiple MRT ports

In a second step, we investigated the targeted right caudate nucleus, which had received 2 to 5 times higher doses (10 Gy BB dose or 752 Gy BB exposure seen on HE stained sections (Figure 2.43-A) were not substantial, even though the right frontal cortex of BB irradiated animals appeared to be slightly thinner than the left cortex. However, the general tissue architecture was preserved and no gray or white matter necrosis, vessel alterations, microcalcifications or gliosis were observed.

While HE stained sections of MRT2 irradiated tissues depicted the expected beam- midsagittal line into the left hemisphere. Thus, the beam-crossing region was mainly centered in the right frontal brain quadrant but slightly extended into the right caudal and left frontal quadrants, with a small swath reaching the left caudal quadrant. Microbeam spacing did not vary markedly from the 400 µm collimator spacing and was rather slightly larger due to brain growth throughout the year of the study. Perivascular microcalcifications, pictured as teardrop-like vacuoles with a basophilic rim (~20 µm in diameter), represented the most prominent, chronic lesion in MRT2 and MRT5 irradiated target tissues (cf. necrosis was observed in any of the analyzed brain sections. 27 Fibrinoid zones and hemosiderin deposits around small vessels occurred in the MRT beam-crossing area. Interestingly, vessels of the choroid plexus were not visibly altered. Right thalamic nuclei presented necrotic foci with granular hemosiderin pigment accumulations measuring around 1 cm in diameter. MRT2 irradiated sections showed that in these radiationsensitive areas, calcified vessels slightly reached behind the last lateral microbeam tract (exceeding approximately 0.5 mm the irradiation field, Figure 2.45), whereas tissue alterations in other brain structures were strictly restrained to the beam-crossing zone. One particular case of focal hypercellularity was noted in the MRT2 group and is further explained in 6.3.2.2.2. 27 Note that microcalcifications in the target of MRT2 or MRT5 irradiated animals displayed artefactual reactivity to all immuno-markers, rendering quantitative analysis impossible. 

Discussion

A second experiment was conducted in order to study effects of MRT, delivered through 2 or 5 incidences and centered in the right caudate nucleus, on normal brain tissues in tumorfree rats. The cumulated valley dose in all of the applied configurations was fixed at 10 Gy in the target, according to comparable irradiations in tumor-bearing rats. Animal behavior was thoroughly examined by employing standardized tests and tissue changes were determined through MRI and histologic analysis at the end of the 12 months study period.

The most important finding is that no significant changes were observed in normal brain tissues irradiated with a single-port trajectory, i.e. in the contralateral caudate nucleus and cortex. Indeed, outside of the irradiation field and the beam-crossing areas, not even cell loss was detectable in the paths of the single-array microbeams in the 5-port protocol. The tissue architecture, vascular morphology and cell populations did not differ from untreated control brains in this area that had received only 1/5 (2 Gy) or 1/2 (5 Gy) of the prescribed valley dose in the MRT5 and MRT2 protocol, respectively. MR images showed no tissue alterations in unidirectionally irradiated zones, however, particle accumulations were found in T2* images in the left hemisphere towards the midline, where the beam-crossing area had exceeded the rightsided target.

As expected, multi-port MRT elicited toxicity in the beam-crossing area. Damage was evident on MR images by signs of hemorrhages detected as soon as 2 months after 5 port exposure, and starting off 6 months after crossed MRT, but to a lower extent. At 12 months p.i., T2* fits were significantly altered after microbeam irradiation, compared with broad beam treated and control brains, whereas ADC values were only slightly changed. Remarkably, ADC values in the targeted caudate nucleus did not differ between MRT irradiated and control animals, indicating that vascular networks may have recovered from radiation-induced damages at 1 year p.i.. In addition, neither T2* fits nor ADC values, obtained from ROIs in the left hemisphere, were different from control brains despite the fact that the beam-crossing area extended into left-sided brain tissues. Conversely, right-sided thalamic and (to a smaller extent) hippocampal regions were significantly altered, even though those structures were not directly targeted. These late adverse effects were in particular observed with regards to T2* fit values, indicating different tissue susceptibilities to MRT-induced particle accumulations (i.e.

microbleedings or calcifications).

Pathology confirmed that the extent of tissue damage increased inside the target with the number of MRT ports, but not outside that target. These results are in line with the ones described by Laissue et al. (121) and also in further studies (122, 124, 127, 161-163), which all showed that unidirectionally irradiated normal brain tissues display low histological tissue alterations, whereas damage remains concentrated in beam-crossing regions. While the general architecture was preserved after MRT even in the target, marked cellular (e.g. irreversible neuronal cell loss) and vascular alterations were observed. Microcalcifications, a rather specific MRT-induced lesion that has also been seen in the first normal-tissue experiment, were confined to the beam-crossing area and are presumably related to chronic vascular necrosis (199). In contrast, a moderate increase of macrophage infiltration (a difference of ~50 cells between control and MRT-irradiated brains) was seen in the region of single-beam trajectories after MRT exposures, indicating a permanent but limited activation of the immune system in normal brain tissues. Similar results can be found in the literature, e.g. an increase of activated macrophages/microglia up to ~7 months after 40 Gy of fractionated whole-brain radiation exposures in rats [START_REF] Greene-Schloesser | The Peroxisomal Proliferator-Activated Receptor (PPAR) α Agonist, Fenofibrate, Prevents Fractionated Whole-Brain Irradiation-Induced Cognitive Impairment[END_REF][START_REF] Lee | Chronic Administration of the Angiotensin-Converting Enzyme Inhibitor, Ramipril, Prevents Fractionated Whole-Brain Irradiation-Induced Perirhinal Cortex-Dependent Cognitive Impairment[END_REF], or at 2 to 3 months after single WBRT doses of 10 Gy in rats (88, 101) or of 5 Gy in mice [START_REF] Rola | Radiation-induced impairment of hippocampal neurogenesis is associated with cognitive deficits in young mice[END_REF].

Ionizing radiation exposures did not drastically modify motor coordination and balance on a turning cylinder nor the ability to recognize a novel object (a critical discussion of the conduct of the NOR test is given in 6.3.3). We noticed a normal, age-related decline in Rotarod scores, combined with learning of and adaptation to the test situation. Motor skill learning was thus present in all of the treatment groups, which is in accordance with former studies (162, 172, 236, 237). In contrast, 10 Gy MRT valley dose, especially when administered through 5 MRT ports, modified open field behavior: the test showed increased locomotor activity and explorative behavior, as already seen in the previous experiment and in former research (144, 149). 28 Conversely, the open field walking distance displayed by MRT irradiated rats decreased over time and was not significantly different from control animals at late time points, which was also reflected by similar habituation to a novel environment between all groups. The study of neuronal connections, as proposed in (100), and a potential recovery of axonal and dendritic damage in the long term after MRT may allow to explain this time-dependent restoration of normal ambulatory activity. However, rats exposed to multiple MRT arrays spent more time in the open field center than BB irradiated and control animals until 12 months p.i., revealing a disinhibitory effect that lasted throughout the whole study period. Similar results were found when exposing normal minipigs to MRT (two conventional irradiation fractions followed by one MRT-Boost fraction, each delivering 11 Gy hospital BB or MRT valley dose, resulting in 33 Gy total dose) (119). Conformal irradiation was employed to precisely target the right caudate nucleus through 2 orthogonal ports in MRT mode. The 28 It should be mentioned that locomotor activity observed in the home cage did not appear noticeably altered after MRT. Such treated rats did not seem overly stressed upon handling, and general observations, reflecting results of the standardized test, showed rather exceptional behavior of curiosity and fearlessness. irradiated animals displayed subacute modifications in eating behavior. However, these changes diminished at 6 months after irradiation; at that time pigs began to display lateralization of walking characteristics (circling). While no changes in the open field walking distance were observed, treated animals spent more time in the center than controls at 12 months p.i.. The late-delayed behavioral modifications were accompanied by tissue alterations observed in MR images together with a reduction of the target volume from 4 months p.i. onwards. MRI findings thus succeeded the early effects on eating behavior, which is why tests on food preferences may allow precocious detection of striatal lesions. The authors conclude that MRT induces transient effects on hedonism during the subacute phase and delayed changes in motor function, combined with altered emotional behavior (119).

In December 2018, further minipigs were irradiated at the ESRF through 2 and 5 MRT ports in order to reproduce the present rat irradiation (crossed BB vs. MRT2 and MRT5, 10 Gy BB or MRT valley dose, n=3 per group; unpublished data). Similar to the "MRT-Boost" pig study, multi-port MRT did not modify the OF walking distance compared with BB irradiated pigs but also induced lateralization, in particular at 12 months p.i.. However, no apparent morphologic brain tissue changes could be detected in MR images. 29 In addition, a significant decrease in OF center exposures was seen 12 months after MRT through 5 ports, compared with BB treated pigs. These results are somewhat contradictory to the former pig and the present rat studies. A possible explanation may be the difference in the delivered dose and the size of the irradiation field. While the first pig experiment engaged a total dose of 33 Gy and tissue changes spread into cortical regions and white matter tracts, the 5-port pig study was restricted to 10 Gy BB/MRT valley dose and was highly conformal. Even though the present rat irradiation also delivered a dose of 10 Gy, the irradiation field was largely oversized, which may be one of the reasons why hyperactivity was seen in rats but not in pigs (in addition to species-specific behavioral differences). A precisely conformal multi-port MRT exposure in normal animals, delivering MRT valley doses of ≤ 10 Gy, might thus induce behavioral alterations that are confined to the targeted brain structure (e.g. lateralization and hedonism associated with the targeted caudate nucleus), whereas functions of surrounding regions are preserved.

This sparing effect of conformal MRT is corroborated by the differential findings of OF center entries in the two pig studies and also distinguishes the 5-port minipig experiment from the present rat study; rats showed no fear of being exposed in the open field center, which may either be related to an emotional disinhibition or to "difficulties in interpreting the situation or the environment as distressful" (119). With our present knowledge it is difficult to estimate 29 Multiparametric MRI analysis and histologic evaluations are currently in preparation and may reveal microscopic tissue alterations. in how far this disinhibition is deleterious in a clinical context and if it may simultaneously be related with stress. The fact that rats typically display low levels of defecation after MRT and empirical observations in the present study of animals being curious and not overly nervous argue against a state of distress. However, care should be taken when interpreting rat behavior in the framework of human patient treatment. The evidence that MRT has the potential to induce hyperactivity and disinhibition should be further addressed in future studies.

The survival of normal, treated rats remained similar to that of non-irradiated animals despite a rather aggressive irradiation configuration in the target. Indeed, only sporadic clinically relevant cases occurred (3 in total), e.g. one rat showing aggressions, which may be related to thalamic vascular syndromes (209) or lesion of the hypothalamus (238). Similarly, the rat presenting paralytic processes may have been affected by injury to the brainstem (239).

These cases occurred with an aleatoric incidence most likely associated with individual susceptibilities to radiation damage. While such "outliers" have to be expected, it is nevertheless advisable to take the observed adverse effects of MRT into account for future veterinary trials.

Please take note that dosimetrical characteristics, particularly peak-to-valley dose ratios, were strictly reproduced in the present work complying with irradiations conducted on tumor-bearing animals. Because conformal MRT is not yet technically feasible in small laboratory animals (contrary to larger animals (231)), an oversized, 8x8x8 mm 3 irradiation field was used (which would cover about 100 tumor volumes). The dose-volume histogram (DVH) shows that, for the 5 MRT port configuration, around 80% of the brain received 5 Gy valley dose (+ intersecting microbeam peak doses) while BB irradiation delivered 5 Gy to only 40% of the brain, and completely spared 20% of normal tissues. Crossfired MRT arrays, delivered by oversized radiation fields, are certainly more neurotoxic than a BB irradiation at equivalent valley doses, however, conformal irradiation fields, closely adapted to the target, may drastically reduce MRT toxicity.

A conformal irradiation field would not only reduce the volume exposed to the total number (n) of the prescribed arrays but also the volume in which a number of 2 to n-1 arrays cross in a star-like manner. For example, in our experiment the volume of 8x8x8 mm 3 corresponded to the crossing of 5 microbeam arrays in the MRT5 protocol, however, the volume in which 2 to 4 arrays crossed exceeded drastically the targeted field so that nearly the whole brain was covered with microbeams. It is possible that a major contribution to behavioral differences and tissue changes, which distinguish the MRT2 from the MRT5 group, can be attributed to this "star effect", created around the target by the intersecting arrays. This important phenomenon requires further investigations: how narrow must the "star effect" in the normal brain be confined to the target margins? How much radiation damage in normal brain tissues relates to such a "star" and is it crucial to prevent its occurrence? Also, which differences can be expected when exposing a large volume to a proportionally lower dose, as compared to the prescription of fewer irradiation incidences but a proportionally higher dose (in order to maintain the same cumulated valley dose in the target)? Two experiments can be proposed that may help to answer these questions:

1. Irradiation of normal rats through 2 and 5 MRT ports, centered in the right caudate nucleus through a 8x8x8 mm 3 (= 512 mm 3 ) field. Adaptation: the entire beamcrossing area (crossings of 2 to 5 arrays, i.e. the whole "star area") in the adapted MRT5 protocol (MRT5-8mm-small) is included in the 512 mm 3 volume. The cumulated valley dose should be set at 10 Gy so that results are comparable with the present study. 30 The evaluation of same behavioral and MRI parameters would allow to determine the influence of the star effect. A conceivable outcome would be that MRT5-8mm-small irradiated rats approach values of MRT2 treated animals, whereas both groups differ from control rats in the same manner as it has been observed in the present study. Please find a schematic illustration of the discussed findings in the following Figure 2.46. 30 The MRT peak dose in the adapted MRT5 protocols would have to be increased in order to reach 10 Gy cumulated valley dose due to the relative reduction of the irradiation field. The following hypotheses are based on the assumption that an increase in MRT peak doses has little influence on the results since the peak doses that were applied in the present study already ablated all cells in the microbeam path. However, acute toxicity has been shown to emanate from high peak doses, presenting a certain limit to the proposed experiments. 

Chapter summary

The last chapter of this thesis introduces the application of the multiport MRT protocol, which has been described in the previous chapter, on brain tumor-bearing rats. 9L gliosarcoma cells were implanted in the right caudate nucleus of rats that were exposed to arrays of microbeams, targeted at the tumor from multiple directions (up to 5). The cumulated valley dose was fixed at 10 Gy for all configurations, and similar BB exposures (10 Gy) were conducted for comparison. At two weeks post irradiation, tumors were up to 10.6 times smaller after 5-port MRT, compared with crossed BB therapy. Median survival time exponentially increased with every additional MRT port and the equi-effective dose between multiport MRT and BB irradiations increased by a factor of ~2.5. These results reveal a major improvement of the therapeutic ratio, making multiport MRT a safe and highly efficient alternative for conventional radiotherapy. 31

Résumé du chapitre

Le dernier chapitre de cette thèse introduit l'application du protocole multiport en MRT, qui a été décrit dans le chapitre précédent, pour le traitement de rats porteurs de tumeur cérébrale.

Des cellules de gliosarcome 9L ont été implantées dans le noyau caudé droit de rats qui ont été exposés à des microfaisceaux, ciblés dans la tumeur depuis plusieurs directions (jusqu'à than those treated with similar BB irradiations (157), however, this ratio has not notably changed over the years (127). Revisions of the "standard" crossed protocol are thus in need.

A retrospective analysis of one of the earliest MRT-related evidences, provided by Laissue et al. in 1998 (121), allows to identify mechanisms and an approach to improve the efficacy of MRT in tumor-bearing rats, while sparing normal tissues at the same time. The 

Material and Methods

Animal model

In Charles River Laboratories delivered 135 rats to the ESRF animal facility at least one week before cell implantation. The mean body weight (± SD) of the survival study cohort amounted to 212 ± 21 g on the day of implantation and 238 ± 18 g one day before irradiation.

All animals were housed with individuals of the same treatment group.

Tumor model and cell inoculation

Tumor cell model

All tumor experiments were performed using 9L gliosarcoma cells (GS-9L, reference no. 94110705, 1 vial, passage 5, Sigma-Aldrich, see reference image in of the treatment approach (242). It has been proposed that models such as the RG2 (rat glioma 2) or F98 glioma, which are less immunogenic than the 9L model, may be better adapted for studies where curing of the tumor is an endpoint or when evaluating the effectiveness of gene therapy. Since these factors were not of relevance in our study, we consider the use of the 9LGS model as a valid approach. However, in future experiments, comparative analysis using a different model (in particular the F98 glioma that grows more infiltratively) may be of interest to validate the proposed protocol. as a whole, the 9L gliosarcoma mimics several features of a high-grade glioma in humans and makes it a good choice to advance improvements of potential therapeutic methods.

Tumor cell incubation and implantation

Cells were processed according to the manufacturers recommendations and parameters found in the literature (246). We applied and adapted the implantation procedure bearing rats were exposed to 5 intersecting broad beams, corresponding to the geometry of 5

MRT incidences (5x36° rotations, same field size, but delivery of only 2 Gy per incidence, resulting in a cumulated BB dose of 10 Gy in the target). 

Multiport MRT exposures with low cumulated valley doses (1, 2 and 5 Gy)

In an additional experiment, we investigated the geometrical effect of multiport MRT at 

Animal manipulation before, during and after irradiation

The implantation procedure was scheduled with a delay of at least one week after arrival of the animals at the ESRF to allow for acclimatization. The 10-day delay between tumor cell implantation and irradiation served for tumor growth and also for surgery recovery, a period in which animals were closely monitored to ensure correct wound healing, normal behavior and weight gain. We had not a single case of rats that died or had to be euthanized in between implantation (D0) and irradiation (T0), however, few rats were excluded from the study (4 rats had tumors growing into the cortex and were irradiated with 4 MRT incidences delivering 20 Gy valley dose, leading to complete tumor ablation). Animal manipulation and the anesthetic procedure on the day of irradiation were as given in 2.2.2.2.2. Close monitoring was continued during the post-irradiation survival period (see animal monitoring for survival analysis; 3.1.2.6) or until brain sampling for histologic analysis on T7 or T14.

Magnetic Resonance Imaging

Animal manipulation

Magnetic resonance imaging was performed in the imaging facility of the Grenoble Institute of Neurosciences (IRMaGE). The general procedure was conducted as described in 2.1.2.4.1. The images were acquired in less than 15 minutes per rat. Animals that were deemed to die within the next day were not allowed to wake up but were euthanized directly after the imaging procedure. The other rats woke up in a quite environment and were brought back to the ESRF animal facility once they had recovered from anesthesia. 

MRI acquisition parameters

Nine days after implantation (D9T-1), all rats underwent anatomic MRI using 4.7 Tesla for group randomization (see 3.1.2.2.3). The evolution of tumor growth post irradiation was followed through MRI at 7 (T7), 14 (T14) and 21 days (T21) post exposure. Additionally, the three groups that were irradiated with 2 and 5 MRT ports or with crossed BB, subdivided into two groups of 5 rats each (n=5 rats/subgroup irradiated) and serving for histologic analysis at Tumor control was analyzed using unpaired t-tests (significant for p<0.05) in GraphPad Prism® and outliers were removed based on the ROUT method (robust regression and outlier removal, Q=10%).

Corrections for unbiased tumor volume comparisons

We noticed epileptic seizures followed by early deaths between 10 and 21 days post irradiation in all MRT groups. Such animals were sacrificed before the designated endpoint related to tumor evolution was reached. To prevent biased outcomes of MRI with small animal numbers and artificially reduced tumor volumes at these two time points, we estimated the tumor growth of deceased rats at T14 by multiplying their tumor volume acquired at T7 with the mean growth factor calculated between T7 and T14 in surviving rats of the corresponding group. The same procedure was conducted for estimation of tumor volumes at T21 of precociously deceased animals by multiplying their tumor size at T14 with the tumor growth factor of remaining rats in the corresponding group between T14 and T21. Note that the tumor volumes depicted in figures and the equivalent dose calculations are based on these tumor volume calculations.

Calculations for equivalent dose determination

We defined irradiation doses, which resulted in comparable treatment efficacies between crossed synchrotron BB irradiation and multiport MRT. In a first step, we calculated 

Animal monitoring for survival analysis

Following irradiation, animals were closely monitored for symptoms of irradiation side effects or tumor relapse. Rats that showed the classical adverse neurological signs related to tumor growth in the brain and/or a maximal weight loss of 20% of their initial body weight were humanely euthanized. These symptoms were manifested as a combination of abnormal eating behavior, substantial weight loss and general weakness (247), seizures or prostration (244).

They typically occurred a few days before death so that euthanasia was oriented towards the earliest signs of these symptoms. Clinical observations of the rats in an undisturbed state and upon handling included general activity, breathing, condition of the coat, movements and social interactions with the other rats. In addition, the ability to eat, drink and their general alertness were monitored. Based on these observations and regular weighing, additional nutritional supplements were given. In the 9L gliosarcoma model, inoculated in Fischer rats, these symptoms typically appear in untreated control rats between 18 and 25 days after implantation.

In cases of radiation-induced seizing, the monitoring frequency was increased and treatment with anti-convulsive or corticoid medication was considered. However, all cases of grand mal seizures occurred during the night with such a short prodromal phase that the animal's death was difficult to avoid. The time between irradiation and death was recorded as survival time;

one day was added in case of euthanasia. Kaplan Meier survival data were plotted versus time after tumor irradiation and survival curves were compared using a Log-rank (Mantel-Cox) test (significant for p<0.05) in GraphPad Prism®.

Brain sampling for histologic analysis

Tumor-bearing animals, which were not included in survival studies, were sacrificed and their brains removed 7 or 14 days post irradiation. Euthanasia and brain sampling were performed according to the procedure explained in 2.1.2.6. Histologic analysis of tumor tissue was conducted 1.5 years after the end of this study, together with the samples from the corresponding normal tissue study (cf. 2.2.2.6).

Histologic analysis

Tissue preparation

The brains of 4 animals per group were prepared for histologic analysis, 16 brains sampled one week and 12 samples obtained two weeks after irradiation (no scheduled control group as survival beyond 20 days after implantation is rare). The general cutting procedure was identical to the protocol in 2.1.2.7.1 and was in accordance with former research (244). In brief, 18 µm-thick horizontal brain sections, which showed the most spread out tumor growth, were collected (generally corresponding to the tumor center, located between 3 to 5 mm deep in the brain). The correct depth was verified on horizontal T2-weighted MR images that were acquired on the same day of brain removal. Forty cryosections per animal were placed in successive order on microscope slides, which were stored at -20°C until the staining procedures were conducted 1 to 2 weeks later.

Hematoxylin and eosin staining

One slide per animal was chosen for hematoxylin-eosin staining. The protocol is described in details in 6.2.1.6. One HE stained section per group was scanned in bright-field mode on the ZEISS Axio Scan.Z1 as detailed in 2.1.2.7.2. Each representative tumor was qualitatively evaluated; typical 9L morphology was determined and tumor response to the individual irradiation configurations was compared.

Immunofluorescent staining

Tumor morphology and response to irradiation were also evaluated via application of immuno-markers (1 slide per animal for each marker); for detailed explications on the choice of bio-markers see 2.1.2.7.3.1, and 6.2.1.7 for the detailed protocol. In brief, vessels were depicted using goat Coll-IV antibody (dilution 1/500), mouse RECA-1 antibody (dilution 1/300) and rabbit Glut-1 antibody (dilution 1/1000). Mouse CD68 antibody (dilution 1/1000) and mouse CD11b antibody (dilution 1/2000) were used to label macrophage subpopulations.

Rabbit GFAP antibody (dilution 1/500) indicated activation of astrocytes. Cell proliferation was visualized using Ki-67 antibody (dilution 1/3000), an immuno-marker that is not only used to evaluate the growth fraction of normal cells, but also, and in particular, the mitotic activity of neoplastic cell populations (248). To evaluate DNA damage, an anti-phospho-histone H2A.X antibody (reference no. 05-636, Ser139, Millipore/Merck, dilution 1/500) was applied. Histones serve as a supporting framework in that DNA is wrapped around them, condensing and organizing genetic information within minimal spatial distribution. However, after DNA double strand breaks, the serine at position 139 of the histone variant H2AX becomes phosphorylated (γH2AX), assigning this histone an important role in preserving genome integrity (249). Cell nuclei of all populations were counter-stained with DAPI.

All immuno-labeled sections were also scanned on the same ZEISS Axio Scan.Z1 as in other experiments (2.2.2.7.3). The scans, reaching from the frontal cortex to the caudal end of the caudate nucleus or to the caudal expansion of the tumor, ensured that the entire tumor was visible. The tumor was then delineated in order to conduct quantitative analysis of tumor vessels and cell populations with the homemade software MoreHisto TM . Data were expressed as mean ± SEM at every time point and statistical analysis was performed with GraphPad Prism® through application of multiple t-tests (testing differences between groups and intragroup differences between T7 and T14), corrected for multiple comparisons via the Holm-Sidak method (significant for p<0.05). Histologic illustrations of a representative tumor per group were acquired using ImageJ®.

Results

Dosimetry reveals in-target microbeam dose accumulation with increasing number of ports.

Dosimetrical aspects of multiport MRT with a cumulated valley dose of 10 Gy

We As coplanar crossing arrays of microbeams were used, the number of peak intercepts (I) producing spike-like dose deposits is growing as a power law of the peak number (P)

provided by each port, with the number of ports (a) representing the value of the power, resulting in: I = P a . Seen throughout the horizontal plane of the irradiation field, these intercepts appear as "hot spots".

Dosimetrical aspects of multiport MRT with low cumulated valley doses (1, 2 and 5 Gy)

In an additional experiment, we delivered low cumulated MRT valley doses of 1, 2 and In addition, tumors were 10.6 times smaller two weeks after irradiation in MRT mode through 5 incidences compared with BB irradiation (p<0.0001). As shown in Figure 3.11, tumor control increased exponentially with every additional MRT incidence. For instance, at T14 mean tumor volumes decreased only by a factor of 1.4 after MRT1 compared with MRT3 (87.5 ± 18.8 mm 3 and 61.9 ± 9.1 mm 3 for MRT1 and MRT3), whereas MRT5 led to 3.6-fold reduction of tumor volumes compared with MRT3 (17.3 ± 2.6 mm 3 for MRT5). Thus, the most efficient tumor treatment was achieved after MRT through 4 and 5 incidences compared with results obtained using 1 to 3 MRT ports or BB irradiations. Indeed, MRT4 and MRT5 significantly slowed tumor growth at 2 weeks p.i. compared with the other configurations (p<0.02) and at three weeks p.i., MRT5-irradiated tumors were still significantly smaller (p<0.04). 

Tumor control after multiport MRT with low cumulated valley doses (1, 2 and 5 Gy)

Tumor control equi-effective doses (EquiED) between MRT and BB therapy in rats reach high significance.

Equi-effective doses reached after multiport MRT with a cumulated valley dose of 10 Gy

Mean tumor volumes measured after MRT on MR images at 7, 14 and 21 days post exposure were reported on the time-matched BB reference curves as seen in Figure 3.14-A.

The latter were fitted according to a one phase decay model in order to determine equivalence doses between MRT and BB irradiations as stated in 3.1.2. Reverse analysis of these data provided the MRT valley dose that would have to be prescribed to achieve the same tumor control as a certain BB dose (Figure 3.16-A/B). For instance, the cumulated MRT valley dose to be delivered to reach the same tumor control as induced by a BB dose of 35 Gy at 7 days after irradiation was estimated to be equivalent to 17.1 ± 1.09 Gy or 14.6 ± 0.94 Gy when using 2 or 5 MRT ports, respectively. In addition, delivering 2.5 Gy in each of the two orthogonal MRT arrays of the MRT2 configuration would result in equivalent tumor control as 10 Gy BB dose. Remarkably, only 1.7 Gy MRT valley dose, deposited via 5x0. 34 Gy arrays in MRT5 mode, would be sufficient to control 9L as a 2x2 Gy BB exposure, thus reducing radiation dose in normal tissues by a factor of 5.9.

Multiport broad beam irradiation did not change survival of 9LGS-bearing rats.

Kaplan did not significantly increase survival (p=0.32, not shown). In order to examine geometrical effects when delivering a homogenous irradiation dose, we irradiated rats with 5 BB ports depositing 2 Gy each (cumulated dose of 10 Gy). 3.1.3.6. Increase in animal survival after multiple MRT port exposure of 9L gliosarcoma.

Survival after multiport MRT exposures with a cumulated valley dose of 10 Gy

In contrast to the lack of geometrical effects after BB exposure, lifespans were extended with increasing numbers of MRT ports as shown in This is also illustrated in Figure 3.19, in which median survival times obtained after broad beam irradiations were plotted as a function of increasing radiation doses, and MST reached after each MRT configuration was placed on the BB fit. The latter demonstrated a usual sigmoidal response of 9L tumors to increasing broad beam doses, with a plateau at 35.06 ± 2.03 Gy, dose after which 4 out of 5 rats survived. This result is in line with the exponential increase in tumor control reflected by the reference dose-volume response curve with the difference that, instead of following an asymptotic curve approaching 0 mm 3 , the survival curve ended in a shoulder of long-term survivors. In fact, by increasing the radiation dose beyond the therapeutic efficient dose (e.g. 35 Gy), normal tissue complications will also increase, diminishing the fraction of long-term survivors. Calculations, detailed in 6. 

Survival after multiport MRT exposures with low cumulated valley doses (1, 2 and 5 Gy)

Results obtained from multiport MRT with low cumulated valley doses (1, 2 and 5 Gy)

were statistically similar to the corresponding tumor volume analysis at T7. Figure 3.20 shows that 5 Gy delivered through 2 or 5 MRT ports significantly increased survival compared with untreated control rats (p<0.05). In addition, the 5 port configuration significantly prolonged lifespan when depositing 5 Gy compared with 2 Gy. Indeed, the median survival time increased to 13 and 14 days after 5 Gy irradiation through 2 and 5 MRT ports, respectively, compared with 11 days of rat survival after 2 Gy MRT 5-port irradiation. However, no significantly prolonged lifespan was reached when delivering low MRT doses through 5 incidences, compared with 2 ports. This is in line with the fact that a minimal cumulated valley dose is needed (5 to 10 Gy) in order to reveal the exponential increase in treatment efficacy with additional MRT ports.

Histologic analysis of 9L gliosarcoma confirms differential tumor responses to multiport MRT and BB therapy.

Characteristic pathologic aspects of 9LGS on histologic sections after BB exposures

As depicted on HE sections (Figure 3 Tumor damage became more distinguishable 14 days p.i. in MRT treated rats. HE staining (A) indicated slightly denser tumors 2 weeks after MRT, together with low Ki67-signal (B). Vessels remained fractionated as seen on Collagen-IV, RECA and Glut-1 stained sections (C). CD68 macrophages (D) and CD11b microglia (E) were predominantly found in MRT irradiated tumors. GFAP staining (E) increased from one to two weeks after radiation exposures.

MRT5 induced a more homogenous distribution of macrophages and reactive glial cells throughout the tumor than MRT2. BB irradiation led to a progressive invasion of macrophages between T7 and T14 (p<0.02, -E/F). Indeed, the surface fraction invaded by macrophages (CD68) was significantly increased at T7 after MRT5, compared with control and BB irradiated tumors (p<0.0005) and increased even further until T14 after MRT5 (T7 vs. T14 p<0.02, Figure 3. 23-E). In addition, microglia invasion (CD11b-fraction) was significantly higher at both time points after MRT irradiations compared with BB treated tumors (p<0.005, Quantitative analysis of immuno-labeled sections showed smaller tumors after MRT (A). In addition, the γH2AX-positive cell fraction increased (B), whereas the fraction of Ki67-positive cells (C) decreased after multiport MRT. MRT5 induced a reduction in blood volume fraction (D), in particular at 2 weeks p.i., compared with the other irradiation configurations. Additionally, invasion of CD68-positive cells (E) increased steadily after MRT5, and a delayed macrophage increase was also measured two weeks after MRT2. A similar pattern was observed for microglia invasion (CD11b-positive cell fraction, F). Data are plotted as mean ± SEM. Significance was determined using multiple t-tests for p<0.05, and noted as *Ctrl vs. MRT5, ^Ctrl vs. MRT2, §Ctrl vs. BB, #BB vs. MRT5, ¶BB vs. MRT2, +MRT5 vs. MRT5, °MRT2 vs. MRT2, £BB vs. BB, xMRT5 vs. MRT2.

Discussion

The experiments of the last part of this thesis have enabled a thorough investigation of MRT efficacy on a preclinical, aggressive brain tumor model in rats. In order to improve the therapeutic ratio of MRT, we irradiated 9L gliosarcoma-bearing rats through up to 5 microbeam arrays, angled in equal intervals and intersecting in the targeted isocenter. The animals were monitored for survival and tumor volume evolution, and histologic analysis allowed the characterization of changes in the tumor microenvironment; all results were contrasted with similar tumor exposures to a synchrotron-generated broad beam.

Our findings confirmed that MRT is more efficient than BB therapy in controlling tumor growth, while being well tolerated by normal brain tissues. Increasing the number of irradiation incidences in MRT significantly enhanced the reduction of tumor volume and the prolongation of animal survival. In addition, these innovative, multi-directional geometries allowed the decrease of dose delivered per port; while we could assure that the prescribed therapeutic MRT valley dose in the target was maintained, normal tissues surrounding the tumor received proportionally lower doses and could therefore be spared more efficiently than with former irradiation protocols. Contrary to the fixed, desired MRT valley dose in the target, the volume of high dose deposition proportionally increased with every additional irradiation port. Thus, not only the peak doses accumulated, but also the spike-like "hot spots" where several microbeams cross, resulting in ~50 µm-large foci of high dose deposit. Combined, the tumortargeted delivery of high MRT doses has enabled a remarkable enhancement of tumor control, whereas the cumulated MRT valley dose was consistently set to 10 Gy for all of our employed irradiation configurations and corresponded to a 10 Gy BB dose. We showed that 2 weeks after MRT exposure through 5 ports, tumor volumes were reduced by a factor of 5 compared with the 1 port-configuration. Importantly, at that time tumors were more than 10 times larger after crossed BB exposure than after MRT5. This is a striking improvement from the tumor volume reduction of a factor of <3.5 through a standard crossed MRT protocol, compared with BB irradiations, that has been demonstrated in different brain tumor models in the past (127, 157). Indeed, the present study revealed that multiport MRT can increase the therapeutic efficacy with dose equivalent factors of up to 2.5, i.e. 25 Gy BB dose resulting in the same tumor control and animal survival as 10 Gy MRT valley dose delivered through 5 ports.

The fact that MRT has a superior potential in ablating brain tumors than BB irradiations has been demonstrated for more than a decade (118, 127, 157). This fact was clearly confirmed in our study, however, it is remarkable and rather unexpected that, at equal MRT valley and BB dose, even unidirectional MRT halves the tumor volume compared with BB irradiation. This reduction occurred despite the fact that 7/8 of the tumor cells received the BB dose, but only 1/8 received a lethal peak dose by MRT. This shows that MRT anti-tumor effects are not due to physical properties of the X-ray beam alone, but that biological processes are underlying tumor responses to high-dose microbeams. Vascular effects have been described (124, 126, 202), differential molecular pathways have been identified (154, 155) and the involvement of immune responses has been shown (156, 157). However, all of the radiobiological factors governing the specific effects of MRT have not yet been clarified to the last detail. The massive infiltration of macrophages in MRT-irradiated tumors is likely to participate in tumor control and this specific biological response definitely deserves to be studied further. Indeed, the phenotypic polarization of macrophages into "anti-tumor" (proinflammatory) M1 cells, possibly induced after MRT, and "pro-tumor" (anti-inflammatory) M2 cells as a differential response after BB exposure (250), has not yet been addressed. Flow cytometry, enzymatic analysis and specific immunhistochemical markers may advance our comprehension of the exceptional biological efficiency that clearly distinguishes MRT from conventional radiotherapy. 37In the present study, we have proposed a multi-directional MRT protocol with improved therapeutic efficacy; when delivering 10 Gy BB dose/cumulated MRT valley dose, the BB equieffective dose (EquiED) ranged from 16.4 ± 2.2 Gy to 27.3 ± 0.5 Gy at two weeks after MRT1 to MRT5 exposures, respectively. The more ports being added, the greater were the effects on tumor growth and survival, while pathological features of cell death, vascular damage and macrophage infiltration increased in tumors. We found a non-linear correlation between the number of MRT ports and MST. These results expose and highlight for the first time an exponential increase in survival time by multidirectional MRT. In terms of survival, MRT1 was as efficient as a 14.5 Gy BB dose and MRT5 led to the same MST as a BB 24 Gy fraction. It is of particular importance that the multi-port MRT protocol allows an outstanding reduction of dose delivered per port. According to biological equivalent factors resulting in same tumor volume control, a cumulated MRT valley dose of 14.6 Gy delivered through 5 ports corresponds to tumor control obtained with 35 Gy crossed BB exposure. The EquiED of MRT thus reached unexpected values, an effect that is not achievable with any other radiotherapy method by pure geometrical adjustments of the irradiation configuration.

An extrapolation of these results suggests that 8 MRT ports, delivering a 10 Gy cumulated valley dose, would be as efficient as a 35 Gy BB exposure and would ablate about 80% of 9L tumors. We conducted this "8-port experiment" at the Australian synchrotron in Melbourne in order to elaborate if we could reach complete tumor ablation through geometrical microbeam accumulation, while maintaining the same cumulated valley dose in the target as used previously (10 Gy). Importantly, the valley dose per port was reduced to only 1.25 Gy (~100 Gy peak dose per port). While the MST of rats irradiated through 8 MRT ports was increased to 39.5 days post irradiation as seen in Figure 3.24 (cf. 31 days after MRT5 at the ESRF), we did not reach any long-term survival. Histologic analysis is in preparation in order to evaluate the tumor response, maybe revealing a potential toxic inflammatory reaction (since we saw glassy appearing tumors upon sampling and low contrast enhancement on T1weighted MR images, contrasting the "typical" morphology of recurring tumors), which may explain why animals did not survive as long as anticipated. It might be possible that the choice of 8 MRT ports was sub-threshold. Indeed, our calculations indicate that 8.2 ± 0.39 ports with a 95% confidence interval between ~7.5 and 9.5 ports may correspond to the same survival as reached by 35 Gy BB exposures. However, these calculations are based on only 5 successive MST values that are closely aligned on the respective BB dose-response curve. It would have been judicious to plan the number of incidences in the here presented experiments not in a linear manner between 1 and 5 ports, but more widely dispersed, and up to 10, in order to verify our hypotheses i) that a definitively exponential increase in tumor control and animal survival occurs when increasing the number of MRT ports and ii) that it is possible to reach tumor-free long-term survival through multiport MRT at 10 Gy cumulated valley dose. By all means, we will pursue these hypotheses.

It should not be disregarded that an important limitation exists concerning our multidirectional protocol, namely the large size of the irradiation field, including the proportionally growing "star effect" with every additional port. The over-large field used in our rat experiments, combined with accumulating high peak doses can be considered as a negative point for impairment of normal tissues located in the irradiation field or in its close surroundings.

Undeniably, multidirectional MRT with extremely high EquiED is bound to be limited by radiation-induced neurotoxicity (115, 171, 173). Sudden death cases were observed in the present study, most likely related to radiation-associated adverse effects. Tumor volume Rats were irradiated 10 days after 9LGS implantation trough 8 MRT or 8 broad beam (BB) ports, delivering a cumulated MRT valley dose or BB dose of 10 Gy. Results were compared with those obtained at the ESRF for MRT1 to MRT5 exposures, BB2 and BB5 irradiations. A clear superiority of multi-directional MRT through 8 ports was revealed, however, no long-term survival was reached. Ctrl: untreated control rats during the Australian synchrotron experiment.

analysis of the remaining animals in the corresponding groups indicated that tumors at two and three weeks p.i. had not reached a size that would engender precocious death.

Conversely, efficient tumor eradication may contribute to an aggressive destruction of tumor cells and a release of toxic degradation products, which may promote the induction of the socalled tumor lysis syndrome (TLS) (251-253). 38 In addition, radiation damage of astrocytes can induce excitatory neuronal cell death, which may stimulate seizure activity (254). Acute radiation toxicity can further be associated with an increase in intracranial pressure through cerebral edema, possibly causing cerebellar herniation and terminating in failure of vital brain functions (255). Radiation-induced immune system activation has been shown to initiate and promote inflammatory processes (256), which may culminate in lethal edema.

Importantly, sudden death cases were never observed in normal, MRT irradiated rats.

Potential grand mal seizures and/or a deadly mass effect in tumor-bearing animals may not only be associated with dying tumor cells and the efficacy of tumor destruction, but also with the implication of specific brain regions in which the tumor cells are growing and which are traversed by microbeams. Indeed, only one precocious death case was observed in the most efficient 5-port MRT group, while none was seen after the 4-port exposure but 2 rats died in each of the lower-number configurations (1, 2 and 3 ports). It is thus possible that tumors growing into the cortex are predisposed to induce acute grand mal seizures when exposed to MRT. Fortunately, early toxicity can be reduced by: i) conforming irradiation beams to tumor size and shape; ii) using steroids to control brain edema, as it is routinely done in clinical practice; iii) debulking the tumor surgically before irradiation; and iv) temporally fractionating the MRT dose/port delivery. Temporal fractionation of MRT, which has only sparsely been investigated in vivo (120, 158, 159, 257), may allow normal tissue repair between fractions and drastically reduce toxicity related to tumor cell necrosis.

The outstanding efficacy of MRT combined with remarkable normal tissue tolerance may also represent a new avenue for further pathological indications. Next to glioblastoma and other neurological conditions, such as epileptic seizures (162, 163, 237, 258) or perhaps diffuse intrinsic pontine glioma in children (259, 260), extra-cranial targets are being explored for future MRT applications. These may include bulky, poorly accessible and radioresistant tumors counting squamous cell carcinomas of the head and neck (261) and osteosarcomas of the extremities. Indeed, approaching an effective treatment of malignant tumors of the musculoskeletal apparatus like sarcomas or chondrosarcomas may in the future represent a drastic improvement of the patients' quality of life, obviating the need to amputate an extremity and controlling metastatic progression (259). Patients affected by melanoma (257, 262) or lung cancer (259) may constitute additional target groups for MRT exposures. A recent pilot study on normal mouse lung irradiation, delivering up to 400 Gy MRT peak dose, once again proved of the exceptional normal tissue sparing after microbeam exposures. Not only was the feasibility of lung exposure with avoidance of the heart and the spinal cord successfully demonstrated, but also was no acute pulmonary toxicity elicited (263). Such exciting proof of concept stimulates the implementation of MRT in the field of conventional radiotherapy, in particular in form of an MRT-Boost, paving the way to change the landscape of present RT practice.

The current clinical radiotherapy dosage for GBM has been set to 60 Gy in 30 fractions, and the design of the Stupp's trial (2005) has not been modified for years [START_REF] Fernandes | Current Standards of Care in Glioblastoma Therapy[END_REF]. Human GBM mostly relapses locally and the relevance of a radiation boost delivered to hyperactive tumor areas, detected by PET or through regions of hyperintensity on T2-weighted MR images or contrast enhancement on T1-weighted images, has been mentioned (240, 264). Thus an MRT-Boost delivered through multiple ports might significantly improve tumor control while decreasing out-of-target neurotoxicity (119, 158, 265). Such a boost, i.e. a limited part of a hypofractionated treatment, in which larger doses than 2 Gy per fractions are commonly used (e.g. brain metastasis, 3x11 Gy; GBM boost regimen, 46+14 Gy or 50+10 Gy (240)), could be a first approach in the treatment of human patients (158, 259). In fact, this MRT-Boost is already scheduled in trials for the treatment of dogs bearing spontaneous glioma from the beginning of 2021 (detailed in 6.4.2), which pave the way towards a clinical transfer.

A first simulation of such a clinical transfer has been conducted and is presented in Figure 3.25. We performed a 5-port MRT treatment plan on the CT scan of a patient bearing a brain metastasis measuring 1 cm in diameter and located at 8 cm in depth. According to dosimetrical calculations we can estimate that, delivering a maximum cumulated MRT valley dose of 10 Gy, the skin-entrance peak doses amount to 180 Gy, which leads to 80 Gy MRT peak dose in the target. The accumulation of peak doses in the tumor through the 5 directions will result in 250 to 300 Gy "hot spots", which should assure efficient tumor cell destruction while valley doses per port are limited to maximal 6 Gy at the skin-entrance plane. The entrance radiation doses are considered as not exceeding the tissue tolerances for normal brain and skin in animal models and in humans for small fields like the one used in this simulation. Despite the use of low-energy synchrotron-generated photons (mean energy of ~100 keV), our simulations performed on a clinical case suggest that MRT clinical transfer is feasible, and realistic at a medium-term time scale. Such irradiations, in a clinical context, could be as effective as a 25 Gy conventional BB fraction. Radiotherapy (RT) is applied to about two thirds of cancer patients worldwide and it remains in the majority of cases the most efficient tumor treatment modality. In the last decade, advances in high-precision treatment delivery and modern imaging approaches have improved the therapeutical outcome. Despite this progress, more effective and better tolerated irradiation techniques are still needed for patients with glioblastoma, a brain tumor that remains resistant to conventional RT techniques even when combined with surgery and chemotherapy.

Increasing the delivered dose might enhance the curability of brain tumors, however, severe side effects on normal brain tissues are likely to be elicited. These include vascular damage, neuroinflammation, brain structure alterations and functional impairment. Therapeutic dose prescriptions are therefore drastically limited in order to preserve the normal neuronal network and brain integrity.

Microbeam Radiation Therapy (MRT) offers an exciting alternative for conventional RT protocols due to the unique spatial beam fractionation. Combined with the advantageous characteristics of synchrotron-generated X-rays, a dose delivery in form of microbeams has shown promising achievements in the treatment of preclinical brain tumor models. Compared with homogeneous broad beam (BB) exposures, MRT has proven to increase tumor control and animal survival in a significant and consistent manner. In addition, minimal MRT-induced adverse effects on normal brain tissues have been found, resulting in maintained tissue perfusion, an unaffected general architecture and cell loss restricted to the thin microbeam paths. However, only few data are available on long-term outcomes of normal tissue exposures, in particular with regards to potential MRT-associated cognitive deficits. It was thus important to us to further investigate such side effects, which allowed the establishment of an optimized MRT protocol in order to reach effective normal tissue sparing.

The presented experiments have demonstrated an astounding increase in brain tumor control and prolonged animal survival with an increasing number of MRT ports when applying the proposed multiport MRT protocol to preclinical rat 9L gliosarcomas. Thus, a substantial improvement of the therapeutic ratio was demonstrated, as well as an unexpected level of equivalence between a high BB dose (~25 Gy) and multiport MRT delivering only 10 Gy cumulated valley dose. Such improvements in tumor control have not been reached with any other conventional RT method by simply adjusting the number of incidences but at the same time maintaining a constant (MRT valley) dose in the target, allowing significant dose reduction in normal tissues. It is of great importance that such dose reduction may open new pathways in clinical advancements of MRT. Indeed, compact X-ray sources are being developed that allow the spatial fractionation of the incident beam into microbeams (266, 267). The main drawback of this equipment, however, is the lower dose rate that cannot compete with the ultra-high dose rate reached at a synchrotron facility. High peak dose delivery is thus limited by long exposure times that are required to irradiate with low dose rates. A dose reduction therefore represents an encouraging objective for translation of our multiport protocol to more widely available compact sources in a clinical environment.

Notwithstanding, the so-called FLASH effect that is associated with ultra-high dose rate irradiation of normal tissues may be another key player in MRT and deserves further investigation. Indeed, FLASH irradiation has been linked to normal brain tissue sparing, seen as lower inflammatory responses and glial cell reactions, maintained dendritic morphology of neurons and preserved object recognition capacity in mice (100, 268). The underlying mechanism presumably involves rapid oxygen depletion in normal tissues and the reduced production of damaging reactive oxygen species as compared with exposures at conventional dose rates (100). To date, no study has specifically interrogated in how far the normal tissue sparing effect of MRT may be correlated with the high dose rate of synchrotron-generated photons; a combination of the FLASH effect with the normal tissue resistance and tumor tissue sensitivity to high peak dose delivery may further promote MRT as a new, safe and effective tool in radiotherapy. This promising avenue, amongst others, should further be explored as advocated by Griffin et al. (269), keeping in mind influential factors related to distinctive beam characteristics used in FLASH irradiation and MRT (e.g. electrons versus photons, pulse and exposure duration, dosimetrical challenges).

Our work enabled to define a threshold MRT peak dose for whole-brain irradiations: a dose of ~680 Gy delivered in the microbeam paths induced acute and lethal toxicity in normal rats. An approach to overcome this toxicity is the delivery of a safe peak dose (e.g. 400 Gy), followed by an additional homogeneous dose delivery in order to reach the prescribed MRT valley dose. We tested this modified configuration and found that no acute mortality was elicited, despite high valley dose deposition of 17 and 25 Gy. However, the latter led to delayed death starting off a few months post exposure and white matter necrosis was associated with these cases. A whole-brain MRT valley dose of 25 Gy therefore represents an intolerably high dose for subacute to late toxicity but vascular damage was also seen at long term after lower dose exposures. More precisely, 13 to 17 Gy MRT valley dose induced vessel injury, while it was absent or insignificant after 5 and 10 Gy. We could therefore advocate that an MRT valley dose up to 10 Gy may be safe with regards to normal tissue preservation. Indeed, 10 Gy MRT valley dose did not induce major tissue damage, neither after exposures to the entire brain, nor after focal multiport irradiation when considering normal tissues surrounding the targeted isocenter. Conversely, the target itself showed marked tissue destruction; vascular necrosis and microcalcifications accumulated in the targeted beam crossing area, which was as expected given the high peak dose delivery through intersecting microbeams. It was further our goal to induce such tissue damage in the target since we hypothesized that a pathologic focus located in this region would be efficiently ablated. This was utterly confirmed in our tumor study. In fact, the exceptional reduction of tumor volume in a highly significant and exponential manner can be attributed to the increase of microbeams and/or of the spike-like high dose spots in the target volume with an increasing number of MRT ports. In contrast, the cumulated MRT valley dose could be reduced to only 2 Gy per port in the 5-port protocol; a dose that can be regarded as safe in veterinary and clinical trials. Indeed, no significant normal tissue changes were seen in contralateral regions where only a single beam trajectory traversed the brain. Compared with non-irradiated tissue, BB treated brains and the standard 2-port MRT protocol, the 5-port configuration did not cause significant cellular or vascular alterations in these areas.

Importantly, it was not estimated that MRT, apart from doses inducing lethal toxicity, elicits intolerable effects from a veterinary point of view. On the contrary, it is rather astonishing in how far both, whole-brain irradiation and focal multiport MRT were well tolerated by rats.

Although we aimed at reducing the irradiation field size in the "focal" experiment, technical limitations restrict to date the conformal irradiation of targets in small-sized rodent brains.

Despite the extremely large size of the focal irradiation field, in addition to the geometryinherent "star effect", and despite the radical tissue ablation in the target, the animals behaved normally upon veterinary examination. It is thus admissible to say that 10 Gy cumulated MRT valley dose delivered through 5 ports may elicit reasonable adverse effects on animal behavior, in particular when conformal targeting in larger animals is employed, even though the safety of this multiport protocol should be first assessed with doses below 10 Gy in veterinary trials.

Conversely, behavioral alterations, notably hyperactivity and disinhibited exploratory behavior, were observed after whole-brain MRT with ≥ 10 Gy valley dose or after multiport MRT, which became more accentuated after 5-port than after crossed exposures. It has to be kept in mind that these neurocognitive deviations amplified in a dose-and volume-dependent manner. An MRT valley dose of <10 Gy may thus be associated with only mild and tolerable activity deterioration. It has to be acknowledged that the disease burden needs to be weighed against the potential treatment-linked toxicity; limited changes of activity levels appear acceptable in the case of glioblastoma. It is also of note that rats exposed to much higher doses (up to 17 Gy) did not necessitate any major veterinary interventions, contrary to similar hospital BB dose delivery, proving the relative safety of MRT exposures.

The main drawback of whole-brain MRT is the oversized irradiation field, which is not a relevant setting for future large animal and clinical trials. Whereas the "focal" multiport protocol is definitively more significant for a clinical transfer, similar limitations were noticed concerning the irradiated volume that covered almost the whole brain. This means that the accentuated behavioral changes after 5-port exposure may simply be associated with the much larger brain volume that was exposed. However, as we did not accomplish true focal irradiations, we cannot predict at this stage in how far a precise, conformal exposure of a small brain volume might prevent the occurrence of behavioral disinhibition and hyperactivity. In addition, the ablation of the normal tissue target itself may have induced certain adverse effects that would not appear if a pathologic focus was situated in this region.

To summarize, we emphasize that multiport MRT reached unexpectedly high equieffective doses (~2.5 fold), compared with BB irradiation. According to the results of the wholebrain and multiport normal tissue studies and the brain tumor experiment, the ratio between tumor control probability and normal tissue complication probability (TCP/NTCP) was significantly increased, representing breakthrough evidence. A favorable therapeutic ratio might therefore be determined by the number of ports used to deliver a prescribed MRT valley dose in future large animal and clinical trials. Indeed, the efficacy of multidirectional MRT arrays that intersect in the tumor is presently shown to correlate exponentially with the number of arrays. Altogether our data suggest that MRT, currently studied on large animals (pigs (119, 265)) and soon applied to veterinary trials, needs to be tested in a clinical environment. As a principle of MRT dose prescription we could advocate a dual approach that distinguishes between normal tissue dose constraints related to the valley dose prescription, and anti-tumor effect that could be related to the prescribed number of ports. Despite great advancements in the field of microbeam radiation therapy, including the knowledge gathered from this thesis, a range of questions has remained unanswered. To date the specific mechanisms and brain structures that are associated with behavioral and tissue changes remain elusive. These changes are challenging to interpret when attempting to set them in context with a more realistic (small volume, low dose) setting, and to extrapolate them to other animal species or human patients. Indeed, MRT-induced hyperactivity has never been seen in irradiated pigs, which is why the transfer of MRT to pet animal trials may reveal different behavioral outcome than observed in rats.

Future investigation of neuronal connections and the precise nature of late vascular damage may help to understand the particular physico-biological interactions of microbeams and brain tissues. It is of importance to determine in how far these interactions are actually deleterious, e.g. if microcalcifications alter normal tissue perfusion and if they are at the origin of cognitive deficits. MRT-associated neuroinflammation and oxidative stress may affect the homeostatic balance in normal tissues, whereas distinctive immune cell populations are likely implicated in effective tumor eradication. Changes in locomotor activity may stem from disruptions of the neuronal signaling in association with demyelination processes or neurotransmitter imbalances. Thus, biochemical analysis, notably of dopamine and serotonin, or even of brain-mediated hormones may be pursued. Since the presented studies have shown clear region-specific radiosensitivities upon MRT exposures, the link between a certain brain structure and behavior can either be tested through region-targeting or through regionavoidance. In particular the thalamus should strictly be avoided when exposing pet dogs to MRT and when planning future clinical trials. The cerebellum and the eyes should also be shielded, but there may be further regions that are vulnerable to microbeam irradiation. A refinement of the behavioral testing battery in rats, but more importantly concerning large animals, will help to define more precisely the nature of MRT-induced cognitive deteriorations.

In fact, ambitious programs are currently underway in order to advance MRT to a level of large animal exposures. These projects imply accurate image-guidance for highly conformal dose delivery, joined by technical set-up and treatment planning validation. A parallel onset of pet animal trials (dogs bearing spontaneous glioblastoma in a first approach and treatment of nasal carcinoma in cats in a potential second step) and pig irradiations is already scheduled.

A valuable concept for microbeam treatment may also be the experimental induction of glioblastoma in pigs. Such research will allow to simulate realistic exposures of human patients with regards to the technical set-up, the patient size, the tumor volume, the irradiation field and geometry, the dose prescription and the nature of the tumor, which all show resemblance between humans and large animals, more than rodent models. Medical adjuvant interventions are a further promising approach that will certainly enable the delivery of MRT doses in a secure manner. A conformal reduction of the irradiation field size, a revision of the most suitable port incidence angles and planes, and the establishment of an ideal low-dose scheme will be required for a safe start of the imminent veterinary trials. We advocate that MRT will be applied in form of multiport delivery and as a boosting part of a conventional, fractionated RT scheme. Further, our protocol allows to benefit from temporally fractionated dose delivery, since it holds the option to schedule the prescribed valley dose per port as successive fractions. The prospect to translate multiport MRT to compact X-ray sources opens up the horizon of clinical applications, given the fact that they are more readily introducible in hospital equipment. We thus propose a protocol that paves the way for human glioblastoma treatment through microbeam radiation therapy. they emit photons at every bend; these photons coherently overlap with the ones from other bends and create a much more brilliant and a highly collimated X-ray beam. The amplitude of the electron "waves" depends on the strength of the magnetic field; typically, it is rather low, creating an intense X-ray beam within a narrow band of photon wavelengths. In contrast, in wigglers the released photons follow an incoherent superposition of the individual bends, creating a continuous spectrum (white beam) similar to the one from bending magnets but more intense and harder due to the higher magnetic field and number of magnetic periods.

The gap between the magnet rows can be adjusted to choose a specific range of X-ray The electrons are generated through a linear accelerator and released into a booster synchrotron. After further accelerations, they are transferred into the storage ring where they pass through different types of magnets. The bending magnets deviate the electrons into an orbital path, a process that leads to the emission of a spray of photons covering a wide spectrum. Undulators, in contrast, force the electrons to follow a wave-like path, allowing the production of much more focused, or brilliant, X-ray beams. Focusing magnets ensure the maintenance of the orbital electron path. Extracted and adapted from http://www.esrf.eu/about/synchrotron-science/synchrotron.

wavelength that composes the fine radiation beam released from the undulators and wigglers, which are also known as insertion devices. These are located in the straight sections of the storage ring, together with focusing magnets, which ensure that the electrons remain in their orbital path. A more specific structure of ID17, where the thesis experiments took place, is detailed in the following. The beamline receives X-ray photons from a wiggler producing a magnetic field of 1.6 Tesla. 39 The vertical magnet gap is usually set to 24.8 mm but can be adjusted to customize the photons' wavelengths and thus the energy spectrum of the beam (270).

Typically, a white-spectrum X-ray beam is used for animal experiments conducted at the Once the radiation beam exits the ID17 wiggler, it passes through a series of elements, mainly filters and collimating slits, until it penetrates the sample after a linear distance of approximately 40 meters from the wiggler source (a schematic overview is given in Figure 6.3). In short, the beam enters the optics cabin through a beryllium window and is partly reduced in size through primary slits, located at a distance of almost 30 meters from the source.

It then traverses a set of attenuators (i.e. carbon, aluminum, copper) that serve as filters for undesirable low-energy photons, which cannot penetrate biologic tissue in depth. Following, the beam encounters the MRT fast shutter system. The latter is composed of two tungsten carbide blades that are movable through plunger electromagnets and are interconnected with a copper photon absorber upstream of the beam. Three main steps are implicated in the shutter system: 1) At rest state, the upper blade stops the beam, while the lower blade is located below the beam stream.

2) The two plunger electromagnets are activated to lift the upper blade out of the beam and the lower blade into the beam; at the same time, the beam is absorbed by the copper absorber. 3) For irradiation of the sample, the absorber is opened before the lower shutter blade moves downwards and out of the beam. Once the desired exposure time is reached, the upper blade "drops" quickly into the beam. At the same time, the copper absorber is also moved back into the beam stream to protect the shutter blade from overheating (271).

Further downstream elements include supplementary filters and vertical and horizontal tungsten slits, which allow narrow collimation of the seamless beam (and adjustment of the irradiation field), while entering the experimental cabin. Two ionization chambers, one situated before and one after the sample, allow the characterization of the beam as it passes from vacuum into the first, air-filled chamber. Hence, the presence of the beam and several beam parameters such as its intensity and dose rate can be detected, before and after the beam has been fractionated through a dedicated collimator (this collimator is further specified in 2.1.2.2.2) (177).

The sample itself is placed on a so-called Kappa-type goniometer that can be moved in the horizontal, vertical and lateral plane in order to align the target precisely with the irradiation beam. The sample has to be passed through the beam via a fast movement of the goniometer since the beam height is limited. All of the digitally controlled and inter-connected systems ensure a safe and accurate dose delivery in addition to the application of the very unique characteristics of synchrotron radiation (SR). Indeed, an adequate photon spectrum, combined with a high photon flux and a robust stability of the beam are required for many of the multidisciplinary scientific approaches that the ESRF offers, amongst others the generation of microbeams at ID17 (177). These particular SR characteristics, compared with conventional sources, include a high brilliance, i.e. a selection of specific photon energies while maintaining an elevated photon flux, allowing the acquisition of ultra-high dose rates (~16000 Gy/s at 200 mA storage ring current). The extreme speed of dose delivery together with a minimal beam divergence ensures that a very thin irradiation beam can be deposited in living organisms without the risk of beam blurring due to cardiosynchronous movements or due to a fan-like beam spreading. 

Tracking software

The EthoVision XT software (Noldus Information Technology, Netherlands) was used to define a 50x50 cm 2 whole-field (WF) zone and a 25x25 cm 2 center zone as displayed in after test start (standard delay determined by the software). A Lowess smoothing filter was chosen, based on 3 samples before and after every sample point. The threshold for minimal movement was set to 1 cm, meaning that sample points were set to the previous location until the distance moved was >1 cm. An animal was considered immobile when its center-point was not moving, averaged over 5 samples, with thresholds of 1.75 cm/s (stop velocity) and 2 cm/s (start velocity). These thresholds served for measurements of walking distance and duration in which the animal was either in active displacement or in which it was stationary ("immobile"), though "immobility" might include other activities than displacement, such as grooming or rearing.

Test procedure and behavioral parameters

Four animals (one rat per chamber) at the same time were tested for 20 minutes and were returned to their home cages afterwards. Individuals of each group were rotated so that all 4 chambers were occupied at least once per treatment group. We analyzed four parameters,

i.e. walking distance and duration of immobility in the WF zone, time spent in the center and defecation. The choice of these parameters was based on previous evidence showing that high ambulation scores correspond to emotional reactivity and exploratory behavior and are correlated with low defecation as an indicator of low "emotionality" (105). An inter-subject comparison allowed the evaluation of different effects of either one of the irradiation modalities on locomotion and explorative behavior compared with control rats.

Forced swim test protocol

Apparatus and test set-up

Four identical, transparent plastic beakers were placed in a line next to each other, alongside the dark rear wall of the testing room. Each beaker measured 40 cm in height and 20 cm in diameter and was filled up to ~28 cm height with clean water at 21°C (+/-2°C). Two cameras were installed facing the beakers from the side. Once the test had ended, the rats were carefully removed from the water, dried off with a paper towel and returned to their home cage. The cylinders were emptied and refilled with fresh water in between animals. 

Tracking software

We used the Viewpoint software to track animal behavior while the test was executed.

The Viewpoint-specific thresholds for animal detection, burst and freezing were set to 20, 6000 and 2000, respectively. A burst was detected when animals showed sudden, intense movements for at least 3000 ms. The threshold values served for translation of movements into the duration of specific behaviors such as activity, immobility (freezing) and the latency of a certain behavior (typically immobility) after test start. Note that the detection software could not distinguish between "freezing" related to fear-like behavior or to a simple reduction of movements, which is why this term was not applied in the present study, but was replaced by "immobility".

Test procedure and behavioral parameters

Four animals were tested at the same time, each of them placed individually in one of the beakers. The test lasted 5 minutes from the moment of placing the rats in the water. The three parameters, i.e. duration of swimming and immobility and the latency of the first immobile behavior were chosen to determine effects of irradiation not only on general locomotor activity, but also on the "emotional state" of the animals. Inter-subject comparisons between treatment groups were drawn.

Stepping test protocol

Test set-up

The stepping or paw placing test in an assessment technique for motor coordination, which we adapted from (272) and which does not require any specific apparatus. However, a clean, smooth tabletop is needed which yields a distance of at least 90 cm of edge length (110 cm are recommended in order to allow placement of the animal well before and behind the start and finish lines). The table was entirely cleared and wiped with Surfa'Safe spray before testing the first animal, and the distance of 90 cm was marked. Two persons were present in the testing room; one of them manipulated the animal and observed its stepping behavior and the other one observed and noted the parameter in question (step count). In between trials, rats were temporarily returned to their home cage, which was placed in an adjacent holding room.

Test procedure and behavioral parameters

One animal at a time was removed from its home cage and tested for motor function deficits. The rat was held confined around the abdomen and torso and the forelimbs were guided to absolve lateral movements on the tabletop. The manipulator and the observer counted the number of steps absolved by the rat to cover the distance between the marks, once from left to right and once vice versa. Left paw steps were separately counted from right paw steps and noted for each direction (going left/right). Three trials per animal were conducted with ~10 minutes delay between trials. Deficits in motor coordination induced by irradiation, compared with untreated rats, were investigated. in-between all animals to minimize odor clues that might influence the test result. For object recognition, the following materials were used: two odor-neutral, 33 cl plastic bottles with a slightly uneven surface, ~16 cm height and ~6 cm diameter and yellow-green color (at 2 months), yellow-red color (at 6 months) and green color (at 10 months) for object familiarization. One of these two bottles was replaced by an equally odor-neutral, smooth, 33 cl glass bottle with same dimensions and brown color (at 2m), green color (at 6m) and blue color (at 10m) for the object recognition test phase. The objects were thus different in color and nature at each time point but yet quite similar in order to avoid biasing the results through object preferences.

Tracking software

In EthoVision XT, three zones were designed in order to track general animal movement in the whole-field zone and, more specifically, nose orientation and nose contact with object 1 and object 2 (see Figure 6.5). Two zones were drawn around each object with no more than 2 cm margins and the frequency and duration (in seconds) were scored whenever the nose point entered one of these zones. Animal detection and body movement parameters were as given in 6.2.1.1.2.

Test procedure and behavioral parameters

The open field test served as habituation to the arena and was conducted on the day before the NOR test. On the NOR test day in the morning, animals were habituated for 10 minutes to two identical objects (e.g. two plastic bottles), which were placed in two opposing corners of the chamber with around 6 cm distance from the walls. We chose to test animals individually in one of the four chambers (consistently the same one throughout the whole study period). Group means of exploration time of object 1 versus object 2 (both identical) were compared. The familiarization phase served not only as habituation to the NOR test environment, but also as verification that no intrinsic preference for either object existed. In 40 All videos were first automatically analyzed before manually verifying the exactitude of the automated tracking (all videos were watched at least once in enhanced-speed mode, x8). Since tracking errors occurred in some animals (e.g. switch of the nose point with the tail point, thus, tracking of "object exploration" when the tail was in touch with the object), these errors were manually corrected by removing the tracking time of false scores. 

Hematoxylin and eosin staining protocol

For bright-field analysis of hematoxylin-eosin stained tissue, one slide per animal was chosen. The whole series (64 slides) was separated in sets of 10 slides, which were removed from the freezer and allowed to thaw for a brief moment. They were aligned in glass staining racks and bathed in each solution with dipping movements to ensure homogeneous dispersion of the reagents. Typically, hematoxylin colors cell nuclei in blue but it also stains kerato-hyalin and calcified material (276). In contrast, eosin stains the cytoplasm and extracellular material such as collagen in pink (277). Erythrocytes, if present, are stained intensely red. The protocol was adapted from (278, 279). Each step of the general staining protocol is detailed as follows:

1. Sections were fixed in methanol / acetone (50% / 50%) for 2 minutes.

2. Slides were washed in running tap water for 5 minutes.

3. The tissue was colored in hematoxylin (modified Harris hematoxylin solution) for 4 minutes.

4. Slides were rinsed in tap water until the waste water showed no more bluish color.

5. The slides were dipped 10 times in HCl (0.5%).

6. They were briefly rinsed in tap water.

7. The sections were bathed in ammonia water (0.15%) for 30 seconds.

8. They were again briefly rinsed in tap water.

9. The tissue was colored in eosin (aqueous eosin solution, 1%) for 1 minute.

10. Slides were rinsed in tap water until the waste water showed no more reddish color.

11. They were transferred to a sequence of ethanol baths with increasing concentration:

-10 dips in 70% ethanol, -2 baths of 95% ethanol, each for 30 seconds, -2 baths of 100% ethanol, each for 1 minute.

12. The slides were moved to 3 toluene baths (anhydrous toluene, 99.8%), each for 4 minutes.

13. 1-2 drops of a xylene-containing mounting medium (Pertex) were spread out on each section which enabled the placing of a thin cover slip above the two sections.

Once the mounting medium had completely dried, the slides were cleaned with 100% ethanol to remove particles that might lead to artifacts during microscopic analysis.

Immunofluorescent staining protocol

For immunohistochemistry, one slide per animal for each immuno-marker was chosen.

The whole series (64 slides) was separated in two sets (2 x 32 slides) which were prepared until step 3 of the protocol one after the other, but beginning with step 4 (application of the primary antibody), all 64 slides were processed together. First, slides were removed from the freezer, allowed to thaw for a brief moment, and each section was contoured with a hydrophobic barrier pen (PAP pen). In the following, the steps of the general staining protocol are detailed.

1. Each section was fixed with ~200 µl of 10% formaldehyde solution (Roti®-Histofix 10% phosphate-buffered formaldehyde, pH 7) for 5 minutes at room temperature.

2. Sections were washed in PBS (1 x phosphate buffered saline, pH 7.4) at room temperature with following frequency: 5 x 1 minute, 5 x 3 minutes, 10 minutes.

cognitive functions [START_REF] Tomé | A mouse model replicating hippocampal sparing cranial irradiation in humans: A tool for identifying new strategies to limit neurocognitive decline[END_REF]. Macrophage subpopulations will be labeled with mouse CD68 antibody (reference no. ABC117-6714, Eurobio Scientific, dilution 1/1000) and mouse CD11b antibody (reference no. MCA275R, clone OX-42, Bio-Rad, dilution 1/3000). CD68 is a glycoprotein that is highly expressed on the cell surface and in intracellular lysosomal vesicles of cells of the mononuclear phagocyte system including macrophages, microglia, osteoclasts, and myeloid dendritic cells (284), whereas the CD11b antibody more specifically recognizes a cell surface complement receptor on microglia (285). Rabbit GFAP antibody (reference no.

Z0334, Dako/CiteAb, dilution 1/5000) will be used to detect astrogliosis because its presence can indicate the activated state of astrocytes in case of CNS injury. Glial fibrillary acidic protein (GFAP) is a unique structural protein responsible for maintenance of the cytoskeleton structure of glia cells and for support of neighboring neurons and the blood brain barrier (BBB) (286).

As it is known that oligodendrocytes offer support for axons and the BBB, and induce signals for white matter angiogenesis (287), we will investigate the effects of irradiation on this cell lineage. For this matter, the antibody of the transcription factor rabbit Olig2 (reference no.

ab109186, Abcam, dilution 1/5000) will be employed. Cell nuclei of all populations will be counter-stained with 4,6'-diamidino-2-phenylindole (DAPI), included in the mounting medium.

Quantitative analysis of vessels and cell populations in the regions of interest (thalamus, hippocampus, caudate nucleus, perirhinal cortex, prefrontal cortex) will be conducted with the homemade software MoreHisto TM .

Results

General veterinary observations: Case reports

Survival in the hBB25 group reached from 86 to 249 days post irradiation. Two animals in this group died suddenly; one of them showed slight weight loss (compared to the individual maximal weight, -6% 4 weeks and -12% 10 days prior to death) with steady body weight for the last 10 days before death, whereas the other one passed through "waves" of slight weight loss and weight gain (+/-8%) for 4 months. While in both cases weight was steady before death, we notice abnormal respiratory sounds during the pre-active dying phase, lasting from 1 to 3 weeks prior to death.

In addition, two hBB25 treated rats showed neurologic troubles; one displayed moderate disorientation 2 days before being euthanized (active dying phase), while the other one showed right-sided whole-body turns for over 1 month, terminating in ataxia, respiratory troubles and swelling of the right eye on the day of euthanasia. The body weight "waves" were associated with dental problems since rat incisors grow permanently and, thus, require abrasion through teeth-on-teeth contact. However, soft nutrient-rich food was offered during the phases of weight loss leading to diminished gnawing activity and overlong incisors, which had to be trimmed regularly.

Health issues started 2 to 4 weeks before euthanasia at T127 to T177 p.i. in case of MRT25 irradiation. In 2 out of 6 rats in this group, we noticed initial right eye conjunctivitis which, despite treatment, was followed by moderate ocular swelling and terminated in severe exophthalmos. Even though those animals did not display anorexia, weight loss reached from 11% to 19% of their maximal weight. Out of the 4 remaining MRT25 treated rats, 3 animals caught attention by display of abnormal behavior such as flinching and head-tilting, indicating neurologic troubles, with varying weight loss (between -10% and -21%) despite maintained appetite. One rat showed sudden, drastic weight loss (-28%) only on the day of euthanasia without previous signs indicating seriously degrading well-being.

Several cases of subcutaneous abscess formation were reported, independent of a certain irradiation modality or dose. One animal in the hBB7 group was prematurely euthanized at 6 months p.i. because of a severe ear abscess. Seven further animals developed subcutaneous abscesses (in all MRT groups and the hBB17 group from 4 months onwards and until the end of the study). In some cases, they could be drained manually followed by several days of wound cleaning and Betadine® disinfection. In other, more severe cases, the rats required chirurgical resection. Even though 6 abscesses were located subcutaneously in the caudal abdomen where intraperitoneal injections were normally given, one of these rats had never been i.p. injected. The 7 th abscess was located in the ventral s.c. area of the throat. While differences in results obtained from the forced swim test (FST) did not differ significantly between hBB irradiated and control rats, swim activity (A) was increased after microbeam exposures. Similarly, MRT led to reduced FST immobility (B) and prolonged latency of rats to become immobile (C), in contrast to hBB irradiated and untreated rats. Data are plotted as mean ± SEM. Significance was determined using twoway ANOVA tests for p<0.05, and noted as °MRT vs. Ctrl, #hBB vs. MRT. Object exploration in the novel object (NO) recognition task did not differ significantly from controls after radiation exposures, despite slightly lower scores at 2 months p.i. for all irradiated rats. In addition, same results were obtained between the two irradiation modalities and between all dose groups. Data are plotted as mean ± SEM. ADC values obtained from left-and right-sided hippocampi (A) moderately decreased after hBB exposure and increased after MRT, in particular in the right hemisphere at 2 and 6 months p.i., leading to significant differences between the irradiation modalities. In contrast, ADC values approached the control level in the long term after irradiation. Left-and right-sided thalamic ADC values (B) showed similar, but less pronounced differences. Left column: 2 months (2m) p.i.; middle column: 6m p.i.; right column: 10m p.i.. Dark blue: right-sided hBB, light blue: left-sided hBB, dark green: right-sided MRT, light green: left-sided MRT values. Data are plotted as mean ± SEM. Significance was determined using two-way ANOVA tests for p<0.05, and noted as *hBB vs. Ctrlleft side, #hBB vs. MRTright side. 

Behavioral testing: Complete graphic illustrations

Histologic analysis: Supplementary results and discussion

Reduction of brain weights and changes of microbeam spacing after MRT

At 10 months after hBB and MRT exposures (with exception of the two 25 Gy groups that were sampled between 4 and 8 months p.i.), frozen brains were analyzed and weighed on a milligram precision scale prior to cryocutting. Brain weights were noticeably decreased compared with control weights after exposure to both types of irradiation modalities (Figure 6. 16-A). While weights after hospital BB therapy did not reach significance compared with untreated brains (e.g. p=0.059 for hBB25 vs. controls), their weights were nevertheless reduced, in particular with increasing doses. This difference was more pronounced after MRT, as valley doses of ≥ 5 Gy and ≥ 10 Gy induced significantly lower brain weights compared with controls (p<0.05) and hBB therapy (p<0.03), respectively. Microbeam spacing was assessed on hematoxylin-eosin (HE) stained sections through cell loss in the microbeam paths presented as pale stripes. The acquired dose-response curve oscillated around the initial center-to-center beam spacing of 400 µm (see Figure 6.16-B). We noticed that microbeam spacing after delivery of 5 / 209 Gy valley / peak dose lay slightly above the 400 µm baseline, whereas 10 / 401 Gy and 17 / 401 Gy valley / peak doses led to maintenance of the initial spacing. In contrast, 13 / 521 Gy and 25 / 401 Gy valley / peak doses induced a reduction of microbeam spacing below the collimated 400 µm and differed significantly from MRT5 microbeam spacing (vs. MRT13 p<0.05, vs. MRT25 p<0.0005).

The results showing that brain weights differed significantly after ≥ 5 Gy of MRT exposures at 10 months p.i., compared with untreated or hBB irradiated brains, somewhat contradict the general tissue preservation seen after microbeam exposures. However, the reduction of brain weight was not necessarily linked to tissue atrophy (in the valley regions). 41 Changes in the tissue volume might rather be related to the peak dose (or to the size of the peak region as shown in a former study (113)). It is possible that the 520 Gy peak dose of the MRT13 group caused slight tissue shrinkage, while the initial microbeam spacing after 400 Gy peak dose delivery in the MRT10 and MRT17 groups was maintained, possibly representing a limiting peak dose for sustained brain volume. 42 In contrast, concerning the preservation of normal brain growth and development, the limiting MRT valley dose may lay at 5 Gy. A reduction in brain weight has also been reported after fractionated WBRT of 40 Gy, delivered in 5 Gy fractions. Rats irradiated and sampled at time points similar to our study showed 8% lower brain weights compared with controls (cf. 7% for MRT5 vs. control), however, the authors state that this brain weight reduction did not entail the alteration of animal behavior (222).

It is rather surprising that the size of histologic sections only differed slightly, but not significantly from controls after MRT exposures (cf. section sizes in 2.1.3.4.1). Despite lower weights, MRT irradiated brains might have maintained their full-sized architecture, however, the underlying mechanisms are not known and it would be worth to further explore this phenomenon and to implement brain weights, section sizes and microbeam spacing as standard assessments in future studies. In fact, the team of Slatkin et al. was one of few mentioning a reduction of the initial microbeam spacing (of up to 30%) on histologic sections. However, the latter were sampled at 1 month post irradiation and were prepared with a different histologic technique than applied by us. Tissue shrinkage was only seen in cerebellar areas of high cellularity, whereas the microbeam spacing in the cerebrum was reduced by only few percent (cf. maximal 5% reduction in our experiment), which renders the two studies only partly comparable (115). 41 Importantly, a dilation of the lateral ventricles was evident on brain sections; loss of CSF upon brain removal may have been partly responsible for lowered brain weights and retraction of the tissue during the histologic sampling and freezing procedure. 42 The results of the MRT17 and MRT25 groups have to be interpreted with care out of following reasons: i) rats in the MRT17 group were presumably younger and at a more immature developmental state than the other rats on the day of irradiation, ii) rats in the MRT25 group were euthanized much earlier than the collective sample time point, iii) both groups received an MRT peak dose of "only" 400 Gy.

Normal rat study -Focal irradiation through multiple MRT ports

Material and Methods

Open field test protocol (Modifications)

Test set-up

Contrary to the first experiment on normal rats (whole-brain irradiation), the only light source in the otherwise dark room was a computer, which was used to run the Viewpoint software during the test exposure. Loud noises were avoided and tests were preferably conducted on weekends to minimize disturbing sounds coming from the animal facility since the testing room was not located in a separate behavioral section.

Tracking software

The Viewpoint software was used to define a 50x50 cm 2 whole-field (WF) zone and a 25x25 cm 2 center zone. The Viewpoint-specific animal detection threshold was set to 27 and thresholds between inactivity and small movements and between small and large movements were 5 and 8 cm/s, respectively. Walking distance was measured in each zone and the ratio of distance moved in the center versus total walking distance was calculated in order to evaluate increased/decreased exposure to the OF center.

Behavioral parameters

Four general aspects of OF behavior were characterized: 1) walking distance in the whole-field (WF) and the center zone (sum of small and large movements, in cm), 2) duration of immobility in the WF zone (movements of <5 cm/s, in sec), 3) thigmotaxis ("wall-hugging") versus disinhibition (time spent in the center per 20 min test period, in %), 4) defecation (number of fecal pellets counted at the end of each test). In addition, the importance of the animal's natural habituation to a novel environment has been stressed (206). Even though it has been recommended to investigate explorative behavior and habituation throughout consecutive trials, the effect of habituation, i.e. decrease of locomotion, can generally be observed within the time period elapsed in a single trial (105, 206). Therefore, ambulation in the time course of the test was investigated in more details; the walking distance acquired for every 20 seconds time frame was depicted as percentage of the total distance walked in the 20 minutes test period. It has been shown that, if spontaneous habituation takes place, animals explore the novel environment mainly in the beginning of the test and ambulation declines thereafter (106).

Rotarod test protocol

Apparatus and test set-up

Motor coordination and learning was assessed using a standard rotation system (Rotarod, Model RR02, Orchid Scientific, Maharashtra, India), as it has been utilized in former research (172), in which animals were placed on a turning cylinder and their ability to keep their balance was evaluated. In addition to motor functionality, the test provided information about locomotion (walking distance and time). The acrylic construction consisted of five 7.5 cm-wide, separated lanes and a single rotating cylinder of 6 cm diameter, which crossed the lanes horizontally at a height of 24 cm. On the floor of each lane, a rocking platform was installed which triggered a detection system once the animal landed on the ground. Following parameters were set in place (Acceleration Mode II): start speed -5 rounds per minutes (rpm), acceleration time -300 seconds (sec), end speed -50 rpm, cut off time -400 sec. The direction of rotation was either forward or in reverse with the animal facing either the closed rear wall or the open front side. The individual end speed and the time (latency) and distance walked until each rat dropped off the cylinder were scored. The apparatus, which was placed in the testing room, was cleaned with Surfa'Safe spray before and after the test but not in between animals. The only person present in the room was the manipulator and illumination corresponded to the standard housing conditions.

Test procedure and behavioral patterns

The first Rotarod session was scheduled during the week before irradiation. This pretreatment session provided i) individual baseline values, ii) comparable group mean values, iii) pre-and post-treatment comparisons and iv) a first training session in which animals learned to balance on the rotator. In addition to the main sessions at 0.5, 2, 6 and 12 months post irradiation, two test points at 1 and 4 months were also scheduled. Each session consisted of three consecutive testing days. On each day, the rats were placed 1 to 3 times on the turning cylinder; if the animal had a high score at the first attempt (and obviously reached its maximal capacity) it was not tested once again, however, if the animal fell off rapidly (mainly due to voluntary leaping off and not due to motor deficits) it was tested up to three times. Whenever rats voluntarily jumped, climbed or let themselves fall off (daily changing mood variations in some individuals), their values were excluded for that day.

Novel object recognition test protocol (Modifications)

Test set-up

The following objects were used: two odor-neutral, 100 ml plastic jars, transparent with a white lid, ~7 cm height and ~5 cm diameter and an equally odor-neutral, 50 ml conical centrifuge tube, transparent with a blue lid, ~12 cm height and ~3 cm diameter.

Tracking software

We used the Viewpoint software to draw two zones (within 2 cm) around the two objects and the frequency and duration of nose contact with each object was automatically tracked by differentiating a nose-and a center-point. Incorrect nose tracking within the object zone (tailinstead of nose-tracking, animal sitting or leaning on the object, etc.) was manually excluded after video replay. crossing in the tumor located in the right caudate nucleus (3.5 mm lateral and 5.5 mm ventral from bregma). This section was sampled 7 days post irradiation and stained with an antiphospho-histone H2A.X marker, in addition to the nuclear cell marker DAPI, visualizing radiation-induced DNA damage in the microbeam paths. For quantitative analysis with the software MoreHisto TM , 2-3 ROIs per section were selected, situated in the contralateral leftsided cortex (Figure 6.17-A). 43

Case report

One exceptional case of MRT2 irradiated brain tissue presented a region of hypercellularity in the left caudate nucleus (Figure 6.18). This perfectly round area of 1 cm diameter, containing numerous pleomorphic cells, was suspect to tumorous alterations. Even though no diagnostic test was conducted to determine the nature of the cell transformation, the tissue lesion could also be seen on T2-weighted MR images obtained at one year post exposure. As only a single case of such tissue modification was found, a radiation-induced neoplasm (in the contralateral hemisphere) was unlikely, though not entirely excludable. We assumed an age-dependent neoplastic transformation, perhaps an ependymoma based on its location adjacent to the caudal end of the lateral ventricle, as more likely. In the left caudate nucleus, at its caudal and lateral end, a single 1.5 mm-round focus of highly cellular, small-to medium-sized round-polymorphous nuclei was found in one MRT2 treated rat at 12 months p.i.. Left: 5-fold magnification. Right: 20-fold magnification of the central to outer part of this tumor-like structure. Right: Axial T2-weighted MRI image of the corresponding animal, displaying the round tissue alteration.

Discussion supplement

Critical aspects of the novel object recognition task

As mentioned in the results and discussion sections of the two normal rat brain studies, no significant changes between irradiated and untreated animals in their ability to recognize a novel object were seen neither after whole-brain radiation exposures, nor after focal multiport MRT at any of the test time points (between 0.5 and 12 months p.i.). However, the novel object recognition (NOR) task may have not been perfectly adapted in order to evaluate memory function in rats; the reasons are explained in the following with suggestions for improvement.

Whole-brain study: Upon retrospective video-analysis of the NOR task, we remarked a progressive preference of animals to remain in a certain corner of the testing chamber, which became particularly noticeable at the 10 months time point. This preferred corner corresponded to the one in which the novel object was located during the test phase. An explanation for this corner preference could be the dim light coming from one side of the chamber, casting a slight shadow in the "novel object corner". Thus, the animals' natural preference for shaded spaces outweighed the interest of equal object exploration in the familiarization phase, and biased the novel object exploration in the test phase (consistently higher scores were found for the novel than the familiar object). The experimental error of placing the light source aside the chamber, combined with an age-dependent decline in exploratory activity and the habituation of animals to the test situation, might have resulted in failure of the NOR task at 6 and 10 months post exposure. However, since the animals still had the choice to explore the novel object or not, we cannot completely rule out that there really is a preserved capacity of object recognition after irradiation at subacute to late time points. Nevertheless, it would be more prudent to focus on the results of the 2 months NOR performances, as no corner preference was seen at that time point. In future studies, a homogeneous light incidence on the test chamber should be ascertained, i.e. emanating from the four corners of the room. Alternatively, the test could be conducted in the dark (in that case a screen should also hide the light coming from the computer), which might be of first choice if animals are tested during their day/dark phase.

Multiport study:

The behavioral tests employed in the multiport MRT experiment of normal rats were conducted shortly after establishing the testing battery at the ESRF. Thus, the choice of objects was not optimized (one object on which the animals could climb and one on which they could not) and for the 0.5, 2 and 6 months sessions, always the same objects were used (instead of alternating with similar, but yet slightly different objects). In contrast, slightly different objects were chosen for the 12 months session, in order to distinguish if the tendency of diminishing memory capacity over time was object-dependent. This explains the curve deviation at 12 months where these new objects appeared to attract more interest and therefore better performance in novel object recognition. The observed decline in object recognition after the 5-port MRT exposure may partly be due to more pronounced habituation to the already encountered objects. Nevertheless, scores within the control group remained evaluable and did not differ significantly from one test session to the next. This is also due to the fact that, in contrast to the "whole-brain experiment", no specific light source was used that might have influenced the test outcome related to corner preferences. Since we saw similar NOR scores at 2 weeks and 12 months post irradiation, compared with control rats, we can conclude that no drastic impairment of novel recognition abilities were induced through radiation exposures.

Despite a maintained validity of the NOR task and the procedure that we employed, several improvements are recommended. First off, it should be adapted to meet object affordances, i.e. properties of objects that have a certain value for natural rat activities and preferences. A piece of wood ((275), see also (288)), for example, would certainly have a higher object affordance than a plastic tube or glass bottle. The question then raises if the test would not be influenced by odor interferences since an object made out of wood cannot be thoroughly cleaned. To counteract this problem, a new set of objects could be used for every rat or the cleaning procedure could be abandoned in order to reach an odor saturation. The validity of tests conducted without cleaning of the apparatus and the use of object duplicates has been proven in the past (273), and some studies have even used the home cage bedding in the test chamber in order to replicate a normal rat environment (289). Regarding the encountered difficulties in interpreting the results obtained in the present studies, my personal recommendation tends towards a "natural" test set-up with home cage bedding and wooden or cardboard objects and an odor-saturation-technique. In addition, all of the other test parameters, such as an optimized testing environment (shielded light source or homogeneous dim light), a preferential acquisition during the animal's day phase, a revision of the test duration and of the inter-trial interval (e.g. only 5 minute-long trials, spaced 4 hours apart) and the question, if a repeated novel object recognition test with the same animals is a wise idea, should be addressed. Please note that an excellent review on the NOR task and its pitfalls has been published by A. Ennaceur (111). It should also be kept in mind that the NOR task specifically assesses the ability of object recognition related to cortical temporal lobe circuits (mainly the rhinal cortex) (290). It does not suffice to evaluate the full extent of memory capacities, which depend on the integrity of the hippocampal formation and presumably other interconnected brain structures. More sophisticated memory tests such as the radial arm maze or Morris water maze (291, 292) may allow more precise analysis of memory function, however, these tests require a complicated and expensive set-up, space and experience. 

Tumor cell incubation protocol

Eleven days prior to implantation of 9L cells in the brain of Fischer rats, one vial of cells (passage 6, P6) was unfrozen and centrifuged for 5 minutes at 400 G to remove the dimethyl sulfoxide (DMSO) that was used to freeze the cells. They were then incubated in one 25 cm 2 (T25) flask containing 7 ml of Dulbecco′s modified Eagle′s medium (DMEM (1x) high glucose, (+) 4.5 g/l D-glucose, (+) L-glutamine, (-) sodium pyruvate, reference no. 41965039, Thermo Fisher Scientific). The culture medium was completed with fetal bovine serum (FBS, reference no. 16000036, Thermo Fisher Scientific) and penicillin-streptomycin antibiotics (Pen-Strep, (+) 5000 units/ml pen., (+) 5000 µg/ml strep., reference no. 15070063, Thermo Fisher Scientific) and all liquids were warmed to 37°C prior to cell manipulation. Cells were allowed to grow at 37°C in a humidified 95 % air and 5 % CO2 atmosphere. Cell passaging was conducted 3, 6 and 9 days later when confluency of ~80% was reached (P7, P8 and P9). They were washed once in 5 ml of Dulbecco's phosphate-buffered saline (DPBS (1x), (-) calcium chloride, (-) magnesium chloride, reference no. 14190169, Thermo Fisher Scientific) before being incubated in 2 ml of trypsin (Trypsin-EDTA (0.05%), phenol red, reference no. 25300062, Thermo Fisher Scientific) for about 3 to 5 minutes at 37°C. Complete cell detachment was verified with an inverted microscope for cell cultures and cells were resuspended in 8 ml of complete medium. The suspension was centrifuged at 400 G for 5 minutes and the supernatant was discarded. The cell pellet was then resuspended in 21 ml of complete medium and distributed to 3 new T25 flasks containing 7 ml of cell suspension each.

On the day of implantation, flasks with 90-95% of cell confluency were used. Cells were washed, trypsinated and resuspended in complete medium. After 5 minutes of centrifugation, the pellet was again resuspended in 30 ml of complete medium. Cells were counted and once again centrifuged, followed by resuspension in DMEM without FBS and Pen-Strep (in order to avoid immunologic adverse effects in rats) at a concentration of 10 million cells/ml DMEM. This suspension was transported in biosafety boxes to the animal facility where the tube was placed in a water bath to ensure a maintained temperature of approximately 37°C until further processing. Cells were inoculated no later than 1 hour after preparation of the final suspension.

Tumor cell implantation protocol

For tumor implantation, animals were anesthetized with isoflurane (4-5% in air) in an induction chamber, followed by intraperitoneal injection of xylazine/ketamine (64.5/5.4 mg.kg -1 ). The rats were placed in a prone position on a stereotactic headframe (cf. A technique was employed in which all instruments were thoroughly cleaned and disinfected prior to surgery of every animal. We did not administer antibiotics because immune responses are part of the tumor growth process. Inhibiting the immune response by an antibiotic injection is not suitable for tumor inoculation as it can significantly delay or even inhibit the growth process. However, infection risks were also minimized by spacious shaving of the skin above the calvaria and skin disinfection in three steps (70% alcohol, povidoneiodine and again 70% alcohol). For local anesthesia, 0.05 ml of lidocaine (2% lidocaine hydrochloride, maximal dose 7 mg/kg) were injected subcutaneously at the incision site a few minutes before surgery begin. Since injections into the brain do not cause pain, no general analgesic was administered, reducing the risk of medical interference with tumor growth.

To expose the skull, a small incision was made with a sterile scalpel to bare bregma and the injection site, and the periosteum was gently removed with a cotton swab. A guiding, syringe-like metal pin was installed in the movable syringe holder of the stereotactic frame as a substitute for the Hamilton syringe. This metal pin was used to track the stereotactic coordinates, which were obtained by adjusting the metal pin in the x-and y-plane and by lowering its tip in the z-plane until it touched the bregma point (approximately 9 mm rostral of the intra-aural line). The tip was then moved 3.5 mm lateral of the midline passing through bregma, i.e. towards the right skull side (x-plane +3.5) without changing the antero-posterior Watson) by descending 6 mm from the skull plane and moving back up by 0.5 mm to create a small pouch in the brain tissue in which the cell suspension was injected (z-plane -5.5). The injection was conducted by manually pushing the plunger in approximately 30 seconds. After additional 30 seconds waiting time, the syringe was slowly moved upwards and out of the skull.

The risk of tumor growth on the skull after tumor inoculation was avoided by cleaning the top of the skull around the implant hole with 70 % alcohol after removal of the syringe. The hole in the skull was then filled with bone wax and the skin incision was closed with dissolving sutures (Braun 5/0 monosyn). Afterwards, the operative field was cleaned with povidone iodine to minimize the risk of skin infection.

After surgery, the rats were placed in a specifically adapted heating chamber at 37°C in a quiet environment and they were observed to ensure normal recovery from anesthesia.

Ocry-gel was re-applied from time to time during the recovery phase and if animals had problems waking up, warmed fluids (normal saline, 0.9% NaCl, 10 ml/kg) were injected subcutaneously. Once they were fully conscious and started to groom and behave normally, they were returned to their home cage were they were housed in groups to allow social interactions even after surgery (we did not have problems with wound dehiscence based on mutual wound manipulation). The incision was examined daily and in case of disturbed would healing, according measures were taken (debriding and cleaning the wound or, if necessary, resuturing the stiches under short isoflurane anesthesia).

Calculations for equivalent dose determination

Step 1: Dose equivalencenumber of MRT ports (10 Gy valley dose) / BB eq. dose 1. The reference BB dose-response curve was inversely depicted as tumor volume (x-axis) set in relation to the BB dose (y-axis) for the three post-irradiation time points (T7, T14, T21).

2. Tumor volumes were fitted using a one phase decay model in which the tumor growth rate is proportional to the initial tumor volume, i.e. the volume at each preceding time point.

3. The volumes obtained after MRT1-5 were placed on the BB curve fit through calculation of the corresponding BB dose using the following one phase decay equation:

𝑌 = (𝑌0 -𝑃𝑙𝑎𝑡𝑒𝑎𝑢) * exp(-𝐾 * 𝑋) + 𝑃𝑙𝑎𝑡𝑒𝑎𝑢

In this function, Y0 represents the BB dose on the y-axis where X (tumor volume) is zero. The Plateau is the Y value at infinite times, and it is in our case restricted to equal zero. The rate constant K can be acquired via the calculation: K=ln(2)/t1/2 with t1/2 the half-life or, in our case, representing the tumor volume which corresponds to the dose (Y0-Plateau)/2. Since the Plateau equals zero, the dose Y0/2 results in the volume t1/2 (293, 294). By inserting the tumor volumes (X) obtained for each MRT configuration, we could thus calculate the corresponding BB dose (Y) at every time point (15 eq. doses in total).

Step 2: Dose equivalencecumulated MRT valley dose / BB eq. dose and vice versa 1. The reference BB dose-response curve was again inversely depicted as tumor volume (xaxis) set in relation to the BB dose (y-axis) for the time points of T7 and T14 p.i. (no survival longer than 2 weeks after MRT with low valley doses).

2. The one phase decay model was applied to fit the tumor volumes of the reference BB curve. 

Discussion supplement Proposition of the conduct of pet dog trials

The first pet dog trials will be conducted in collaboration with dedicated veterinary clinics. A general planning may be implemented as follows: once a suitable patient has been identified (a 20 to 30 kg weighing dog of a brachycephalic breed with a typically high incidence of glioma measuring ~2 cm in diameter), the researchers and veterinarians will work together to obtain CT scans for dosimetrical calculations and to manufacture a mask for the correct positioning and alignment of the intracranial target with the irradiation beam. A 4-daypreparation will be required: animal consultation and contouring of ROIs on CT scans on day 1; dose calculations in a phantom, in water and using the dog's CT images on day 2; set-up and dosimetrical preparations at the ESRF on day 3; imaging and irradiation at the ESRF on day 4. Subsequently, a tight 24-hours monitoring period of the patient will be implemented before passing on to a general follow-up. Discussions and preparative ESRF-beamtimes (socalled "dry runs") prior to the first dog exposure will allow to decide on the number of ports, the prescribed dose and the introduction of MRT as a boost in a conventional, fractionated RT scheme. For instance, in a veterinary clinic in Paris, where conventional RT for dogs bearing spontaneous brain tumors has been established, they are usually treated in 15 fractions delivering a dose of 3 Gy each (3 fractions per week for 4 to 5 week). It might be conceivable that 3 Gy MRT valley dose will be delivered through 3 ports (each delivering a safe dose of 1 Gy in the valleys). 44 The irradiation incidences should be designed to spare the thalamus and care should be taken to shield the eyes of the animal. The follow-up will include frequent consultations at the clinic and an individualized medication schedule. Complete blood count, metabolic panel and urinalysis are appropriate if TLS is suspected. The tumor treatmentresponse and the animal's health and neurologic status will be evaluated through MRI every 3 to 4 weeks, if possible, and through completion of dedicated questionnaires by the owner at least once per week, and by a veterinarian at every consultation. In agreement with the owner's permission, the brains will be sampled in case of euthanasia or death in order to conduct histologic analysis of the tumor microenvironment. All of the obtained results will be shared between the teams of veterinarians and researchers so that the maximum profit can be drawn from these precious large animal experiments.

Introduction

Glioblastoma multiforme (GBM) is the most common type of human primary brain malignancies (48.3% [1]) and has the poorest prognosis. The multimodal approach of Cancers 2021, 13, 936 2 of 15 surgical resection, radiotherapy (RT), and chemotherapy with temozolomide [2], known as the Stupp regimen, leads to a median survival time (MST) of only 14.6 months and has not significantly improved over the last 10 years [3]. Aggressive adjuvant treatment strategies also elicit severe side effects on normal tissues. Conventional radiotherapy (RT) often leads to complications such as neurocognitive toxicity and leukoencephalopathy, especially when administered as whole-brain RT [4]. Temporal fractionation of a 60 Gy total dose, delivered in daily sessions of 2 Gy over 6 weeks, remains the standard of care [5]; however, therapeutic efficacy is limited, progression-free survival does not exceed 7 months, and fewer than 7% of patients survive longer than five years [1]. Unfortunately, most radiotherapeutic protocols for GBM management have not significantly evolved for years nor have they improved post-treatment quality of life. Microbeam Radiation Therapy (MRT), an innovative, radically new approach in radiation oncology, has been developed at synchrotron X-ray sources, and mainly for the last 2 decades, at the European Synchrotron Radiation Facility (ESRF) in Grenoble, France. The physical characteristics (very high dose rate, low energy, quasi-null divergence) of synchrotron-generated X-rays enable the spatial fractionation of incident beams into multiple micrometer-scaled microbeams spaced at 200 to 400 micrometers. The dose deposited in the path of these microbeams (peak dose) can be as high as hundreds of gray, while the dose diffused in-between the microbeams (valley dose) amounts to only 1-5% of the peak dose. Normal brain tissue is eminently tolerant to MRT [6]; cell loss is confined to microbeam paths without disruption of mature vasculature, maintaining the continuous perfusion of normal tissues [7,8], even a long time after exposure [9,10]. In contrast, preferential damage to immature tumor vessels [11] reduces oxygen and nutrient supply, and causes tumor necrosis [12,13]. MRT has been shown to significantly improve tumor control in preclinical experiments compared to conventional RT at MRT valley doses similar to those of conventional (Conv.) homogeneous "Broad Beam" (BB) irradiations [11,14].

To date, all preclinical MRT experiments on tumor models have investigated the effects of 1 single or 2 crossing orthogonal irradiation ports (or beam trajectories). The influence of adjustable irradiation parameters (spectrum, microbeam width, spacing, etc.) has been studied and differential responses between tumor control and normal tissue sparing have been found [13,[15][16][17]. However, one critical parameter, namely the number of ports, has never been systematically investigated until now. Data derived from equivalent MRT valley doses delivered by either one or two crossing ports have shown an accumulation of cellular/vascular microbeam-induced lesions within the tumors, which might account for the increased MST of animals [18]. Based on these results, we hypothesized that an increasing number of incident MRT arrays, while keeping the same cumulated valley dose, might significantly improve tumor control due to increased numbers of high-dose microbeams and spike-like dose hot spots in the target volume, while minimizing normal tissue dose in the single path of each array. We predicted a non-linear relationship between tumor control and the number of MRT beam trajectories, and thus an improvement in the therapeutic index.

In this study, we assessed the effects of MRT delivered to 9LGS tumor-bearing or tumor-free rats through up to five irradiation ports (MRT2 to MRT5); we compared these results with responses following crossed BB (BB2) exposures. Our data confirm that an increasing number of MRT ports provide a non-linear improvement in tumor control with unexpectedly high anti-tumor equi-effective dose (EquiED), while sparing normal brain tissues. These findings highlight the potential promise of this new irradiation modality for clinical applications.

Materials and Methods

Procedures related to animal care comply with the Guidelines of the French Government (licenses #380325/#390321, authorized labs A3818510002/A3851610008/A3851610004).

Results

Irradiation geometries and dose-volume histograms (DVHs) are shown in Figure 1A,B. The whole brain DVHs for valley doses (Figure 1B) are higher for MRT, compared with broad beam doses, because of the additional scatter dose produced by the peaks. 1C) showed zones of altered signal in the tissue volume covered by the MRT field, while BB2 irradiation did not induce tissue damage detectable by MRI (Figure 1D). Apparent diffusion coefficients (ADC) revealed significantly decreased whole brain water diffusion after BB2 irradiation compared with MRT2/5, or in untreated brains (p < 0.05, not shown). Whole brain T2* fits were significantly lower after MRT compared with BB2 therapy or without treatment (p < 0.005, Figure 1E). Significantly different T2* values were seen between target (RCN) and contralateral left caudate nucleus (LCN) in MRT irradiated animals (p < 0.001, Figure 1E). T2* relaxation time in the RCN of MRT2/5 rats was significantly shorter than in BB2 and control rats (p < 0.001), whereas ADC values in the target did not differ between groups, nor from those of the contralateral LCN (cf. Figure 1D). One hundred percent survival was reached after BB2 and MRT2, whereas two out of eight animals died 11 and 12 months after MRT5 (75% survival rate; p = 0.1, Figure 1F).

Multiport MRT Modified Normal Rat Ambulation

Results of the novel environment exploration (open-field test) are shown in Figure 1G. A change in general ambulation, observed after microbeam exposures, was not significant. MRT5-treated rats covered a longer distance in the center zone two weeks p.i. (p = 0.05), but not at the next test point. No significant differences in novel object recognition were observed between irradiated and non-irradiated animals (Figure 1I). Motor function and coordination were not significantly altered after multiport MRT versus controls (Figure 1J). However, animals irradiated through five MRT ports had significantly higher running scores between 2 and 4 weeks p.i. Analytic details of behavioral changes are given in the Supplementary Materials.

Histopathology Revealed Sparing of Normal Tissues Irradiated by a Single Array

Results of the histologic analysis of brain sections sampled 1 year p.i. are shown in Figure 2. The radio-induced changes in normal brain tissue were located outside the intersecting regions, where only one array of microbeams was deposited. After BB2 irradiation, no changes in tissue structure were seen on HE-stained sections (Figure 2A) nor on immunofluorescent-labeled images (Figure 2B-E). After MRT, microbeam stripes Cancers 2021, 13, 936 5 of 15 could be distinguished in MRT2 brains in otherwise intact tissue structures; no microcalcifications were observed in both MRT groups (Figure 2A). All applied immunomarkers reacted comparably to those in the non-irradiated control group. They indicated preserved microvasculature (Figure 2B), moderate influx of macrophages (Figure 2C), and unchanged oligodendrocyte (Figure 2D) and neuronal density (Figure 2E). Total cell densities did not change after any of the irradiation configurations used (Figure 2F) and neither BB2 nor MRT2/5 modified the numbers of blood vessels (Figure 2G). A limited increase in macrophage density was depicted with an increasing number of MRT ports. The numbers of neurons (Ctrl vs. MRT5 p = 0.51, Figure 1H) remained similar in all groups. Histopathologic changes of normal tissue in the target region are displayed in Figure S1. The same results between groups were obtained for quantitative analysis of (F) total cell density and (G) number of blood vessels, while (H) the density of CD68-positive cells moderately increased after multiport MRT. In contrast, the same (I) oligodendrocyte and (J) neuronal densities were found in all groups.

Effects of Multiport MRT on Brain Tumors 3.2.1. At Equal Valley Dose, Additional MRT Ports Non-Linearly Improved 9L Tumor Control

The effects of additional MRT ports-from 1 to 5-on the 9L tumor control were evaluated after a 10 Gy cumulated valley dose (Figure 3A). To aptly compare the dose effect of MRT and BB2 modes, we limited the cumulated valley dose to 10 Gy for any of the MRT configurations, i.e., to a mean valley dose for 9.35 in the MRT mode. For detailed doses and DVHs, see Figure 3B,C. Tumor volumes on days 14 and 21 p.i. demonstrated that the MRT mode significantly improved tumor control in all geometries used. Even after only one array of microbeams, brain tumors were two times smaller after MRT than after BB2 at T14 (p = 0.0033, Figure 3D). Two weeks after MRT from five ports, tumors were 10.6 times smaller (p < 0.0001). Tumor control increased exponentially with every additional MRT port (Figure 3D). Figure 3E 3G as typical sigmoidal tumor response to increasing radiation doses, with a plateau at 35.06 2.03 Gy. A BB2 irradiation of 10 Gy with two cross-fired beams significantly improved MST compared with controls, from 10.5 to 18 days p.i., respectively (p < 0.002). Lifespans were extended with increasing numbers of MRT ports. Figure 3G (center) illustrates the exponential increase in MST with the increasing number of MRT ports, delivering a 10 Gy cumulated valley dose. When MST is plotted in function of number of ports (Figure 3G, right), the MRT fit curve would reach a plateau at 8.22 0.39 MRT ports, i.e., the theoretical number of ports that would improve MST corresponding to a 35 Gy BB2 irradiation.

Multiport MRT Induced Pronounced Histopathologic Changes in 9L Tumors Effects of Crossed BB2 Irradiation on 9L Gliosarcoma

As depicted on HE sections (Figure 4A-F), tumors displayed typical 9L gliosarcoma cell features [23]. BB2 irradiation slowed tumor growth compared with controls (Figure 4G), correlating with increased numbers of γH2AX-positive cells (Figure 4B,H) and reduced Ki67-positive cells numbers (Figure 4C,I). Tumor blood volume fraction (BV, Figure 4D,J) was not modified by BB2 exposure; the latter led to a progressive invasion of macrophages between T7 and T14 (p < 0.02, Figure 4E,K) while microglial cells did not significantly infiltrate 9L tumors (Figure 4F,L). were confirmed by quantitative analysis, showing (G) smaller tumors after MRT. In addition, (H) the γH2AX-positive cell fraction increased, whereas (I) the fraction of Ki67-positive cells decreased after multiport MRT. (J) MRT5 induced a reduction in blood volume fraction, in particular at 2 weeks p.i., compared with the other irradiation configurations. (K) Additionally, invasion of CD68-positive cells increased steadily, particularly after MRT5, and a delayed numerical macrophage increase was also measured two weeks after MRT2. (L) A similar pattern was observed for microglia invasion (CD11b-positive cell fraction). Data are plotted as mean +/-SEM. Significance was determined using multiple t-tests for p < 0.05, and noted as * Ctrl vs. treatment groups (black: vs. BB2; light green: vs. MRT2; dark green: vs. MRT5), # BB2 vs. BB2 (black) and vs. MRT (light green: vs. MRT2; dark green: vs. MRT5), • MRT2 vs. MRT2, + MRT5 vs. MRT5, £ MRT2 vs. MRT5. MRT2/5 Effects on 9L Gliosarcoma MRT significantly reduced tumor surface areas on histological sections (Figure 4A,G) compared with BB2 irradiation. MRT-irradiated 9L tumors did not grow between T7 and T14 (Figure 4G) while BB2 tumors recurred (T7 vs. T14, p < 0.0001). Figure 4B,C,H show that MRT induced significantly more DNA damage 1 week p.i. (γH2AX+ cells, at T7 p < 0.0001 vs. Ctrl and p < 0.05 vs. BB2) and significantly reduced tumor proliferative activity (Ki67+ cells, at T7 p < 0.002 vs. Ctrl) for 2 weeks after irradiation. Vascular effects were only detected after MRT5: a decrease in tumor BVf versus controls could be observed at T7 (Figure 4D,J). Immune cells infiltration occurred not only in marginal but also in central areas of tumors in both MRT groups (Figure 4E,F,K,L). For instance, the surface fraction invaded by macrophages (CD68) significantly increased at T7 after MRT5, compared with control and BB2-irradiated tumors (p < 0.0005); this increased even further until T14 after MRT5 (T7 vs. T14 p < 0.02, Figure 4K). Microglial invasion (CD11b fraction) was significantly higher at both time points after MRT, versus that seen in BB2-treated tumors (p < 0.005, Figure 4L).

Simulation of an MRT Treatment of Brain Metastasis in a Human Patient

Figure 5 shows the peak and valley dose maps for a patient bearing a 1 cm diameter brain metastasis located at 5-8 cm depth (Figure 5A) treated with a 15-16 mm diameter PTV. PTV, GTV, and whole brain DVHs (Figure 5B) show the correct coverage of the GTV with cumulated valley doses ranging between 9 and 10 Gy, whereas the peaks (50 to 80 Gy at target) will cumulatively generate 250-300 Gy hot spots in the tumor. For each port, peak entrance doses were between 150 and 180 Gy and valley doses did not exceed 6 Gy. 

Discussion

MRT controls malignant tumors more efficiently than homogeneous broad X-ray beams and is well tolerated by normal tissues. The present study demonstrates that increasing the number of incident ports not only reduces the dose deposited in normal Cancers 2021, 13, 936 ≈ tissues, but significantly enhances tumor control with dose equivalence factors for Conv. BB ranging from 1.4 to 2.5 and exponentially improves survival times of rats bearing tumors.

Normal brain tissues' tolerance of MRT has been studied using behavioral tests and histopathology. No significant changes were observed in tissues irradiated with a singleport trajectory; 5-port irradiation elicited toxicity only in the target region but never in unidirectionally irradiated brain regions. Damage was evident on MR images by signs of hemorrhages detected as soon as 2 months p.i. and, to a lower extent, in the MRT2 group, starting 6 months p.i. Remarkably, vascular networks had recovered from radiationinduced damages at 1 y p.i., when ADC values in the target no longer differed between MRT-irradiated and control animals. Irradiation did not modify motor coordination nor memory abilities; notably, 10 Gy MRT through 5 ports reduced anxiety-like behavior, shown by increased locomotor activity and explorative behavior in the open-field test (Figure 1G). Pathology confirmed that the extent of tissue damage increased inside the target (Figure S1B) with the number of MRT ports, but not outside that target (Figure 2), where cell loss was exclusively detected in the path of microbeams. These results are in line with the ones described by Laissue et al. [18] and in Bouchet et al. [12,13], which all showed histological damage scores and microcalcifications, a common sign of radiation-induced damage [24,25], concentrated in crossfired regions, whereas unidirectionally irradiated normal brain tissues displayed low damage scores. Please take note that dosimetric characteristics, for normal rats and for tumor irradiations, particularly peak to valley dose ratios, were strictly reproduced in the present work. Because conformal irradiations are not yet technically feasible in small animals, an oversized, 8 x 8 x 8 mm 3 , irradiation field was used, which would cover about 100 tumor volumes ( 5.2 mm 3 at Tirr). Despite this overexposure by an MRT-equivalent irradiation, the survival of normal rats without tumors remained quite similar to that of non-irradiated rats. The dose-volume histogram (DVH, Figure 1B) shows that, for the 5 MRT ports configuration, nearly the whole rat brain received 5 Gy while BB2 irradiation delivered 5 Gy to only 50% of the brain, and completely spared 20% of normal tissues. Crossfired MRT arrays, delivered by oversized radiation fields, are certainly more neurotoxic than a BB2 irradiation at equivalent valley doses. However, conformal irradiation fields, closely adapted to the tumor, are needed to drastically reduce MRT toxicity. Another phenomenon requires further investigations: how narrowly must the "star effect" in the normal brain, created around the target by the intersected arrays outside the targeted zone, be confined to the tumor margins? In other words, what is the maximum volume of normal brain around the tumor that will tolerate such radiation toxicity?

More than one decade ago, MRT has demonstrated to be more efficient for tumor control than Conv. BB irradiations [14,26], a fact clearly confirmed in the present study: when using a valley dose equivalent to a Conv. BB dose (10 Gy), unidirectional MRT halves the tumor volume despite the fact that 7/8 of the tumor cells received the BB-like dose, but only 1/8 a lethal dose by MRT. This shows that MRT antitumor effects are not directly due to intrinsic physical properties of the X-ray beam, but that associated biological processes underlie tumor response to high dose microbeams. Vascular effects have been described [12,13] and differential molecular pathways have been identified [27], but many of the radiobiological factors governing those specific effects of MRT are still unknown. An important role of immune response after MRT exposures has been suggested [14,[27][28][29]; previous research showed that a combination of MRT with gene-mediated immunoprophylaxis significantly increases the survival of tumor-bearing rats [29]. The massive infiltration of macrophages in the tumor, as seen in our study, deserves further investigations as it might also participate in tumor control after MRT. At identical valley dose, each supplementary MRT port extended MST of 9L tumor rats by 2 to 3 days. Furthermore, a strong non-linear correlation between the number of MRT ports and MST has been found (Figure 3F-H). These results highlight, for the first time, the exponential increase in survival time by multidirectional MRT, while the 10 Gy valley dose, a Conv. BB dose equivalent, remains untouched. In terms of survival, MRT2 was as efficient as an approximately 17 Gy BB2 dose. MRT5 led to MST comparable to that achieved by a 24 Gy BB2 fraction. By extrapolation, Cancers 2021, 13, 936 8 MRT ports, with a 10 Gy cumulated valley dose, would be as efficient as a BB2 35 Gy exposure and ablate about 80% of 9L tumors. The EquiED of MRT thus reached unexpected values (up to x2.4 the valley dose, Figure 3H), an effect that has not been achieved by any other radiotherapy method based on pure ballistic effects.

Multidirectional MRT with extremely high EquiED will be limited by radiationinduced neurotoxicity. Presently, up to 5 ports did probably contribute to an aggressive destruction of tumor cells and a release of toxic degradation products able to induce a tumor lysis syndrome. Immune system activation and edema may initiate and promote inflammatory processes [30]. Cortical neurons may react to such stimuli by uncontrolled discharges, which probably led to seizures in some of the tumor-bearing rats, but importantly, never did that in normal animals. Early toxicity can be reduced by: (i) conforming irradiation beams to tumor size and shape; (ii) using steroids to control brain edema, as is routinely done in clinical practice; (iii) debulking the tumor surgically before irradiation; and (iv) temporally fractionating the MRT dose/port delivery. Temporal fractionation of multiport MRT, not investigated in vivo, may drastically reduce normal brain tissue damage and toxicity related to tumor cell necrosis.

The current radiotherapy dosage for GBM has been set to 60 Gy in 30 fractions, and the design of the Stupp trial has not been modified for years [31]. Human GBM mostly relapses locally, thus an MRT-boost delivered through multiple ports might significantly improve tumor control while decreasing out-of-target neurotoxicity [22,32,33]. Some studies mention the relevance of a radiation boost delivered to hyperactive tumor areas (as detected by PET) or hyperintensity regions on T2-weighted MR images [3]. MRT could be used at first in patients as a boost or a limited part of a hypofractionated treatment [33], in which doses larger than 2 Gy per fraction are commonly used (e.g., brain metastasis, 3 x 11 Gy; GBM boost regimen, 46 + 14 Gy or 50 + 10 Gy [3]). Experimental data suggest that such boost doses made by MRT could be significantly more efficient than conventional treatments [33] and particularly relevant for such lesions, since tumor control improves with an increasing number of ports, while cumulated valley doses remain rather low (note that only 1.0 Gy (MRT2) or 0.34 Gy (MRT5) per valley dose per port would be sufficient for the control of 9LGS as a 4 Gy BB2 exposure, see Figure S2G). The so-called "cone-down" practice [3] or even more the principle of dose painting may be relevant for MRT that can deliver high EquiED of radiation to "high risk" tumor regions.

Despite the use of low energy synchrotron-generated photons (~100 keV), our simulations performed on a clinical case (target at 5-8 cm depth) suggest that MRT clinical transfer is feasible and realistic in a medium-term time scale. In the proposed MRT treatment on patients, the average energy will be increased to 120 keV, in order to improve the PVDR in depth [34]. Peak entrance doses required to deliver a 10 Gy cumulated valley dose reach a maximum of 180 Gy, whilst entrance valley doses do not exceed 6 Gy. These entrance radiation doses do not exceed the tissue tolerances for normal brain and skin animal models and in humans for small fields like the ones used in this study. Such irradiations could, in a clinical context, be as effective as a 25 Gy Conv. BB fraction.

Conclusions

To conclude, we emphasize that multiport MRT reached unexpectedly high equieffective doses (~2.5 fold), compared with conventional BB irradiation. This can be attributed to the increase in microbeams and/or in the spike-like high dose spots in the target volume with an increasing number of MRT ports. According to the results of the current study, the balance between tumor control probability and normal tissue complication probability (TCP/NTCP) might be mainly determined by the number of ports used to deliver the valley dose. Altogether, our data suggest that MRT, currently studied on large animals (pigs [22,32] and pet animal patients), needs to be tested in a clinical environment, most likely as a multiport radiation boost delivered in "at risk" tumor regions of therapy-resistant lesions such as aggressive glioma. As a guiding principle for MRT dose prescriptions, a dual approach appears rational: separating normal tissue dose constraints thinner than that of the left cortex. Neither florid necrotic foci of the gray or white substance, or of blood vessels, nor microcalcifications, astrocytosis or gliosis were seen. HE-stained sections (Figure S1A) after MRT2 revealed typical microbeam "stripes" corresponding to the hypocellular sites where microplanar beamlet had deposited high peak doses. The microbeam pattern after MRT5 could be partly traced in cortical regions. Microcalcifications, pictured as teardrop-like vacuoles with a basophilic rim, represented the most prominent lesion. They were frequently associated with residual microvascular structures and are well-known signs of vascular radiation damage [1,2]. They were generally located in the frontal cortex, in parts of the orbital cortex and olfactory nuclei, the infralimbic cortex, the caudate nucleus and the thalamus of the right hemisphere. Fibrinoid zones and hemosiderin deposits around small vessels occurred in the MRT beam-crossing area. Right thalamic nuclei, possibly the most vulnerable tissue to microbeam irradiation, presented necrotic areas with granular hemosiderin pigment accumulations measuring around 1 cm in diameter.

In the target regions, immunohistochemistry revealed no consequential changes after BB irradiation regions (Figure S1B-E), compared with untreated brain tissue. In contrast, MRT5, and to a smaller extent MRT2, induced endothelial cell loss and loss of blood vessels (decreased RECA-and increased Glut1reactivity, respectively, Figure S1B). General reduction of capillaries and an increase in collagen (Collreactivity, Figure S1B) were observed where microbeams intersected. Moreover, MRT led to macrophage infiltration around small blood vessels and to increased microglial density in the center of the irradiation field as shown by CD68-and CD11b-immunoreactivities, respectively (Figure S1C,D). We detected moderate fibrillary astrocyte activation in all groups including the control group. GFAP-reactivity in MRT groups was unexpectedly low (Figure S1E). Weaker reactivity to the neuronal marker NeuN (Figure S1E) was found in MRT5 treated animals, probably due to irreversible neuronal cell loss. Microcalcifications in the target of MRT2/5 irradiated animals displayed artefactual reactivity to all immuno-markers.

MRT dose equivalence -Low dose MRT efficiencies vs. BB for tumor treatment

Figures S2D, S2E and S2F show tumor volumes measured 7 days after MRT2 or MRT5 (cumulated valley dose of 1, 2, 5 and 10 Gy) and reported on the 9L dose/volume reference curve. Figures S2D andS2E show that MRT2 and MRT5 are more efficient than BB for the control of brain tumor volumes at equivalent valley dose. For instance, MRT5 with a valley dose to the tumor of only 1 Gy (i.e., 5 × 0.2 Gy valley dose per incidence) controlled the tumor as well as BB2 did by deposing 2.4 ± 0.14 Gy. As expected, the more ports applied, the more efficient was MRT. Indeed, for a cumulated valley dose of 10 Gy (MRT2 and MRT5), equivalent biological effects were reached at BB doses of 16.7 ± 4.01 and 20.6 ± 2.76 Gy, respectively (Figure S2G). Curve fits for MRT/BB dose equivalents obtained on T7 (Figure S2E) revealed that the effects of additional MRT ports increased with the prescribed cumulated valley dose. Measured dose equivalences are given in Figure S2F. Reverse analysis of these data provides the valley dose that was required to achieve the same tumor control as the BB dose did. For instance, as shown in Figure 1G, the cumulated valley dose to be delivered for the tumor control brought about by a BB dose of 35 Gy, 7 days after irradiation, was estimated to be equivalent to 17.1 ± 1.09, or 14.6 ± 0.94 Gy when using 2 or 5 MRT ports, respectively. Spatially fractionated radiotherapy was developed and reported in 1909 by Alban Köhler, a German radiologist, to reduce extensive damage to skin and adjacent tissues when he irradiated deep seated tumours with low voltage (60-70 kV) X-rays. To this effect, he held a shielding iron wire grid tightly against the skin before exposure. The heavily irradiated, necrotic spots of the unshielded skin healed in few weeks. Variants of grid therapy were then used successfully in clinical external beam radiotherapy since the 1930s [1]. In the 1960s, Curtis, Zeman and colleagues at Brookhaven National Laboratory (BNL, USA) made an astonishing discovery during studies on cosmic radiation: Delivery of huge radiation doses (4000 Gy) by a microscopic, 25 mm thin, short deuteron pencil beam (20 MeV) to the brain of mice did not damage blood vessels nor their normal brain tissue architecture, although nerve and glial cells died in the radiation path. Conversely, a similar, but 1 mm thick beamlet destroyed cerebral tissue and left a cavity behind [2]. Later, as a new synchrotron source (SLS) became available at BNL, D.N. Slatkin, who had witnessed those extraordinary results as summer student at BNL, decided to investigate the effects of synchrotron-generated X-ray microbeams on mouse brains with his colleagues [3]. The tissue lesions seen after those experiments resembled the lesions induced by the Curtis group [3,4]: no tissue necrosis developed in the brains of animals after ⇑ Corresponding author. E-mail address: serduc@esrf.fr (R. Serduc).

focal administration of hundreds, even thousands of grays deliv-ered along tissue microslices exposed to the peak doses of an array of regularly spaced microbeams (Fig. 1). The dose microfractiona-tion was maintained at large tissue depths; characteristic repair processes extended to deep tissues.

After a series of experiments at the SLS, on June 12th, 1992, a newly founded group for collaborative research on microbeams (P. Spanne, D.N. Slatkin, J. Laissue among others) presented the MRT concept to the ESRF Directorate (Professors Haensel, Altarelli and Brandén) in person, with a proposal for the construction of a beamline for preclinical experiments and clinical trials, including radiotherapy of cranial and spinal tumours in children. Thereupon, in September 1994, Spanne began working in Grenoble at the ESRF as a radiation physicist with the understanding that he was expected to develop MRT there too.

Three clinically important themes were investigated in preclinical animal experiments: Normal tissue tolerance to microbeams; MRT as radio-oncologic tool; microbeams for the treatment of nonmalignant diseases such as epilepsy. For decades, accumulat-ing preclinical biological data worldwide have supported the con-cept of a transfer of MRT from the laboratory to clinical applications. Work on hard-and software components to fit the safety criteria of a clinical trial was intensified, including the devel-opment of an image-guidance system, new detector systems for microdosimetry, new simulation approaches with mathematical modelling, continuous testing and adaptation of medical physics models to the synchrotron environment [5]. https://doi.org/10.1016/j.radonc.2019.06.030 0167-8140/© 2019 Elsevier B.V. All rights reserved. 
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Normal tissue radiotolerance

Adverse effects on normal brain tissues after radiotherapy of intracerebral tumours are main determinants of the prescribed radiation dose. Microbeam Radiation Therapy outstandingly preserves normal tissues from severe radiation damage which focuses on cells sited within the micrometre wide paths of microbeams, whereas cell death in tissue slices sited between the beamlets is minimal [3,4]. MRT also spares fast-growing immature tissues such as the duck brain in ovo [6] and in vivo, the cerebella of normal, suckling rat pups [7], adult rat and mouse brains [3,[8][9][10], and of normal weanling piglets [11]. Normal tis-sues, even under development, are about 10 times more resistant to unidirectional microbeam irradiation than to conventional, broad beam (BB), exposure. Long term follow up demonstrated that normal tissues such as skin, cartilage, blood and lymphatic vessels are highly tolerant to MRT at entrance doses up to 400 Gy [12].

Microbeams can selectively ablate neurons, oligodendrocytes and astrocytes in the central nervous system without causing tissue necrosis. This surprisingly high radiotolerance of normal brain tissue relates to that of the normal vasculature of the brain and spinal cord. The close and very likely causal pathogenetic links between function, normal tissue damage and vascular alterations can be clearly visualized in adult rats in about one year after transverse irradiation of the cervical spinal cord by an 11 mm long array of microbeams, versus irradiation by a 1.35 mm wide single beam of similar X-rays. Microbeam peak/valley doses of 373.3/13.2 Gy produced foreleg paralysis in 50% of exposed rats; all rats exposed to peak/valley doses up to 253/9 Gy were paresis-free at 383 days post irradiation (dpi) [13]. Paresis developed around 50 to 60 days in all rats after spinal cord peak/valley doses of 507/18 Gy and 715/25.4 Gy. Of 10 rats exposed to peak/valley doses of 357/12.7 Gy, only two developed very late paresis. In rats exposed to a single beam the ED50 for paralysis was 130 Gy, and no rat survived without paresis longer than 2-15 dpi after exposure to doses in the range of 454-146 Gy. The tissue architecture of the spinal cord was maintained in all rats exposed to microbeams (''MRT"), with minute (few square mm per cord) necrotic foci in the white matter after high peak doses (507 Gy and 715 Gy), often associated with fibrinoid necrosis of microvessels. Characteristic stripes also developed in the microbeam peak tracks. In sharp contrast, single beam irradiation with doses 182 Gy elicited early (2-15 dpi) white and grey matter necrosis that became wider than 1.35 mm and progressed to liquefaction necrosis of the entire cervical spinal cord with increasing dose. Tissue necrosis was closely associated with focal haemorrhage, fibrinoid vascular changes and microvascular thrombi. In the brain of normal rats, no changes in morphometric parameters such as ves-sel size, density, permeability and blood volume were observed after unilateral exposure to microbeams (Fig. 2). This phenomenon is responsible for the uninterrupted functional integrity -oxygen and nutrient supply -of brain microvasculature [10,14,15]. Fur-ther, MRT did not modify oxygenation of unidirectionally irradi-ated normal tissues [16]. After exposure of their cerebellum to an array of microbeams (highest peak and valley dose 262/12 Gy), piglets remained developmentally, behaviourally, neurologically (no signs of paralysis) and radiologically normal [18]. Mild, but transient cerebral oedema could be detected around one week after MRT in mouse brains [9,10]. The vascular tolerance is instru-mental and is a major advantage of MRT even after very high peak doses (up to 1000 Gy). However, normal peritumoural tissue can suffer cellular and vascular damage where multiple arrays from several irradiation ports cross [8,15] and the number of ports must be kept at a minimum.

Brain tumour control and vascular response

Irradiation by X-ray microbeam arrays were tested on different tumour models for preclinical cancer radiotherapy. The relevance of irradiation geometry, use of crossfired arrays and very high radiation dose deposition for slowing growth and, in some cases, even curing 9L gliosarcoma implanted in rat brains was described in 1998 [8]. Although MRT has been applied to many other types of animal tumours (e.g. mammary carcinoma [19]), preclinical research has mainly focused on brain tumour models. Whatever the irradiation configuration used and the tumour treated, MRT proved to be significantly more efficient than conventional radio-therapy at equivalent doses (i.e., when we consider the minimum valley dose that will cover the entire irradiation field as equivalent of the BB dose [20]); thus, unidirectional MRT significantly improved survival of rats bearing 9L intracranial gliosarcoma com-pared to BB; the efficacy of MRT and BB was similar when the MRT dose was half that of BB [20]. Tumour blood (and lymphatic) ves-sels might repair damage induced by very high radiation doses deposited by microbeams less effectively than normal mature blood vessels do. Microbeams have been shown to preferentially affect tumour vessels, significantly reduced blood volume, blood flow [15] and oxygenation [16], thus leading to tumour hypoxia [16] and tissue necrosis [15]. Vascular changes certainly contribute to MRT-induced tumour control, but other biological processes await identification. Since the immune system of zebrafish shows a high degree of overlap with the human system, caudal-fin regeneration model has been used to explore the effects of microbeams on responses of immune cells. Low doses of MRT temporarily destroy endothelia and thus denude the luminal blood vessel sur-face; attachment of thrombocytes and immune cells ensues [21]. Pangenomic analyses might drive preclinical research onto inflammatory response and cell cycle defaults but work is still needed to fully understand biological process underlying MRT efficiency [22,23].

Present preclinical evidence gathered worldwide may allow to safely move to phase I/II trials at the ESRF, first on domes-tic animals, then in humans.

MRT as selective vascular disruptive agent

Preclinical work revealed that MRT slows the growth of tumours and sometimes ablates them. The underlying radio-biological mechanisms are only partially known. Could MRT serve as vascular disruptive agent, as an alternative to the rather disap-pointing current preclinical and clinical anti-angiogenic strategies for cancer treatment? Anti-angiogenic drugs have limitations: (i) Optimal intratumoural distribution of drugs requires elevated dose-levels which affect normal tissues [24]. (ii) Reducing angio-genesis impairs the delivery of drugs, yields short-lived therapeu-tic gains and may promote malignant progression of tumours [25]. (iii) Those drugs do not practically work as single therapy and have adverse effects [26], a most disappointing drawback.

A model system that has contributed to the clarification of the question is the chicken chorioallantoic membrane. This almost pure vascular model with rapidly changing vasculature has an immature capillary meshwork that from day 8 to day 12 of devel-opment transforms into a hierarchical and mature microvascular system in which MRT exerts a ''selective vascular toxicity" [27]. In this first embryonic model, MRT mediates its biological effects by selective disruption of immature capillaries that results in insufficient blood supply hours after treatment [28].

Conversely, mature capillaries covered by pericytes tolerate higher doses of MRT than their immature precursors. Using another model, we exposed regenerating zebrafish caudal-fins to synchrotron microbeams [21] to compare mature and newly formed, immature, blood vessels. The results confirmed that the vascular disruptive effects of MRT depend on the vascular matura-tion status in an adult organism. A chemotherapeutic agent was injected intraperitoneally to 9L tumours bearing rats; JAI-51 cou-pled to MRT exposure led to an accumulation of the drug in the tumour (significant G2 cell cycle arrest) and a significant increase in median survival times whereas JAI-51 alone doesn't improve lifespan of animals [29]. The enhanced vessel permeability induced by MRT in brain tumours, demonstrated in Bouchet et al. 2010 [15] and later confirmed in Bouchet et al. 2017 [14] might be, at least in part, responsible for drug accumulation in 9L tumours.

Clinical translation of MRT

Beamline status, patient alignment and Patient Safety System

The Biomedical Beamline (ID17) of the ESRF was initially devoted to the applications of synchrotron radiation to X-ray medical imaging. Pre-clinical MRT radiotherapy studies acquired imaging know-how that permitted to develop a new method for imagedguided animal positioning and alignment for MRT of the brain. Radiographic imaging and a specially developed computerinterfaced system using the pink beam of the ID17 wiggler allowed precise irradiation field definition and radiation target positioning in animals with 100-mm accuracy [30,31]. An automatic proce-dure now sets the beamline configuration either into imaging mode, i.e. low flux ''pink beam" to achieve high quality X-ray images with doses not higher than 30 mGy, or into radiotherapy mode with the maximum photon flux. Thus, the total time spent by the animal/patient on the Patient Positioning System (PPS) does not exceed half an hour. The alignment method consists in combining standard scanner images and synchrotron images, both performed with stereotactic masks containing external fiducials. The measured positions of the fiducials are injected in an algorithm based on quaternions from which the PPS positions corresponding to the tumour centroid are extracted [32]. The main challenge to access to clinical trials with the microbeam synchrotron radiation is patient safety. A comparable radiotherapy modality has previ-ously reached some clinical trial phase at ID17: Fifteen human patients have received ''Stereotactic Synchrotron Radiation Ther-apy" (SSRT [33]). The PAtient Safety System (PASS) ensures deliv-ery of the accurate irradiation dose within 2% tolerance. This system has been transferred, adapted to the MRT station (with a dose rate tolerance of 2%) and is now fully operational for future clinical trials.

Absolute dosimetry, TPS, quality insurance and required developments

High dose rate synchrotron radiotherapy programs towards clinical trials depend on collaboration of the clinicians, biologists, medical physicists and synchrotron scientists on the outcome of large animal trials; and on the degree of attainable accuracy in medical physics. Specific treatment planning [34], experimental dosimetry [35], patient positioning, safety and image guidance [32], for radiotherapy with beams as thin as 25 microns and for dose rates of few tens of kGy/s were developed.

Treatment planning programs for preclinical and clinical synchrotron radiotherapy have been extensively developed using Monte Carlo (MC) and hybrid calculation engines [36,37]. Absolute 1D experimental dosimetry using a microdiamond detector [35] as well as 2D and 3D microdosimetry techniques using radiochromic films [38,39] and polymers such as Presage ® [40,41] are being worked out. Absolute dosimetry codes of practice using free air ion chambers for synchrotron [42,43] and electron FLASH radio-therapy [44], as well as biological dosimetry progress [45]. However, high dose rate radiotherapy programs are still in a conception phase. A specific patient positioning system must be built for clinical trials. The latter should fulfil constraints for MRT, such as: 0.1 mm positioning accuracy. Translational and rotational motors that enable irradiations from several ports; a motor that ensures a vertical translation at constant speed for each irradiation, with a wobbling contained within a 10 micron envel-ope are needed. The current image guidance system [32], is time consuming and limited in precision: (1) the acquisition of two syn-chrotron beam radiographs and (2) the identification of markers on the thermoform mask; a system based on stereoradiography and registration on bone landmarks is the ultimate goal for MRT image guidance. The hybrid algorithm [34] is fast enough for patient dose calculation using two crossfired beams with 15% uncertainty for calculated minimum cumulated valley dose, compared to experi-mental measurements, but a higher precision is required such as in clinical radiotherapy/radiosurgery, as is benchmarking for clini-cal use (IAEA TRS 430 standards). Application of high dose rates and microbeam sizes, combined with complex irradiation multi-port pattern, transcends theoretical limits of conventional dosime-try. Film dosimetry and high resolution gel dosimetry will be implemented, as well as transit dosimetry techniques based on diamond technologies for real time treatment monitoring.

Translating MRT to clinical application: schedule, design, first targets and dose prescription issue

This is a double challenge. A technological one: to ensure accurate positioning in the beam and to move the patient fast and precisely across it. Second challenge: for biologists, medical physicists and radiation oncologists to learn a completely new way to under-stand and prescribe the treatment dose. Current studies try to define more precisely the particular behaviour of tumours and nor-mal tissues facing MRT. For the first time in radiotherapy it seems that the homogeneous dose is no longer the main predictive mea-sure for effects and adverse effects. First experiences led to the acceptance of a dual aspect of the treatment: the valley dose for tolerance and toxicity, and the number of peak dose arrays for the cytostatic effect. There are still more effective ways to be mas-tered to find the relationship between peak dose in the array and the level of desired effects.

Beyond preclinical studies, the initiation of clinical trials will require step by step advances in a progressively increasing treatment complexity. As for previous SSRT studies with monochromatic synchrotron radiation, MRT will be, at first, used as a boost or a minor part of a standardized treatment, then progressively adapted to an integrated part of a standardized treatment. Intracranial targets of limited volume will be chosen thanks to the possibilities of very accurate immobilization and relatively small depth of the targets. Malignant or benign conditions requir-ing highly concentrated doses are considered. The present advance of large animal tests with MRT makes possible the application to humans as soon as the proper technical means to hold and move accurately a human patient will be available for MRT, hopefully in 3 to 5 years from now. MRT irradiations need to be fast to war-rant a faultless spatial fractionation, executed in a single applica-tion per session, thus also ensuring a potential FLASH effect.

MRT: was there a Flash effect from the beginning? MRT differs from conventional irradiation by spatial microfractionation and its extremely high dose rate ( 16 kGy. -1 versus 30 mGy s -1 ). At such dose rates, biological effects are largely unknown. A recent study [46] suggests that high dose rate electron irradiations ( 40 Gy s -1 ) are well tolerated by normal mouse lungs, while differential effects between normal tissues and intra-pulmonal tumours increased markedly, a phenomenon called ''FLASH effect": No fibrosis appeared then after doses below 20 Gy, whereas pulmonary fibrosis constantly appeared between 8 weeks and months after 15 Gy of conventional RT [46]. The ''Flash effect" also manifested in terms of apoptosis, preservation of blood capillaries and milder cutaneous lesions. High radiotoler-ance of normal tissues after electron FLASH RT was confirmed in higher mammals, e.g. in pig skin [47]. In a phase I veterinarian trial, single-dose electron FLASH escalation trial (25-41 Gy) 6 cat patients with locally advanced squamous cell carcinoma of the nasal planum showed an impressive progression-free survival of 84% 16 months after irradiation [47].

An increase in dose rate of total brain electron-beam irradiation reduced the toxicity to normal brain tissues [48]. The spatial memory was preserved two months after irradiation with dose rates exceeding 100 Gy s -1 , whereas it was completely altered by a sim-ilar irradiation 10 Gy with a dose rate of 0.1 Gy s -1 [48]. Recent results obtained at IMBL (Australian Synchrotron) highlighted the crucial role of very high dose rate, i.e. >100 Gy s -1 . The authors did not observe any normal tissue sparing effect after irradiations performed at 37-41 Gy s -1 [49]. At very high dose rate, the ''FLASH effect" could also be a factor component for the surprisingly high tolerance of normal brain tissues observed after X-ray MRT at the ESRF. A recent study provides a first proof for this concept [50]:

A 10 Gy broad beam whole-brain irradiation of mice with syn-chrotron generated delivered X-rays at a mean dose-rate of about 17 kGy/s did not induce memory deficits up to 6 months after exposure. Correlates were preserved hippocampal cell division and reduced reactive astrogliosis (Fig. 3). A comparable X-ray irra-diation at conventional dose-rate (0.05 Gy/s, Pxi Precision X-Ray) [START_REF] Dendale | État des lieux de la protonthérapie en France en 2019 [Proton therapy in France in 2019[END_REF] High dose rate synchrotron radiotherapy irreversibly altered memory cognition [50]. Similar results were obtained in rats. Long term studies (>18 months) to decipher dose-rate dependent adverse effects caused by conventional radio-therapy, synchrotron X-ray FLASH or MRT from those of spatial microfractionation are currently running. Neither synchrotron X-ray FLASH nor MRT panencephalic irradiations (10 Gy) of healthy rats have induced motor deficiency up to 12 months after 10 Gy exposure (unpublished results). Several months after conventional irradiation in hospital mode the animals observed a new object in the same way as a familiar object, indicating memory deficit. Con-versely, unirradiated animals, or those irradiated with synchrotron X-ray FLASH or with MRT, preferentially explored the novel object during the first six months after irradiation, which indicates preservation of memory. These first results link the preservation of cognitive functions to the use of high dose rates and suggest that FLASH effect may be a key factor for the tolerant normal brain tis-sues after MRT. The FLASH effect may thus pave the way for improved radiotherapeutic ratios for cancer treatment, MRT hav-ing shown significantly greater antitumoural therapeutic ratios than those of conventional broad beam irradiations.

Thesis abstract

In research and in clinics, pathologic states of the brain have been widely characterized, and new treatment strategies evolve on a daily basis. Conversely, therapy of one of the most severe brain conditions, known as glioblastoma, is in many cases without success. Within the therapeutic range, radiotherapy represents the most efficient method. However, as normal tissue cells are equally affected by radiation effects as cancerous cells, the prescribed dose remains greatly limited by radiotoxic adverse reactions. Thus, a continuous demand of improved irradiation techniques challenges researchers and clinicians to date. A novel form of radiotherapy is being developed, termed Microbeam Radiation Therapy (MRT). In MRT, X-rays are generated by a synchrotron light source and are collimated into an array of parallel microbeams that are a few tens of microns wide and separated by a few hundred microns. This irradiation geometry allows very high dose deposition in the microbeam paths (peak dose) while tissue slices located in-between these paths receive only 5-10% of the peak dose (valley dose). The major benefit of this new modality lies within the preferential effects on tumor than on normal tissues. Tumor vessel responses differ drastically from those observed in mature blood vessels, thus preserving normal tissues while successfully ablating cancerous cells. In this thesis, the effects of MRT on normal brain tissue were further investigated. First, normal rats were exposed to whole-brain MRT (valley doses from 5 to 25 Gy). Second, MRT was delivered through multiple ports (up to 5), focalized in the right caudate nucleus (10 Gy valley dose). These animals were subject to behavioral tests, magnetic resonance imaging (MRI) and histologic analysis until one year post exposure. Results were compared to untreated rats and animals exposed to hospital-or synchrotron-generated broad beam (BB) irradiation. In addition, the multiport MRT geometry was tested on 9L gliosarcoma-bearing rats.

The results demonstrated that long-term normal brain tissue effects of MRT at valley doses higher than 10 Gy were not negligible. Chronic vascular effects started off this dose, whereas tissue necrosis was only observed after 25 Gy exposure. MRT-induced behavioral changes were seen in increased locomotion and exploratory drive. However, veterinary observations did not raise concern in rats irradiated with ≤ 17 Gy MRT valley dose or in rats exposed to the multiport configuration. Remarkably, the successive addition of MRT incidences to the standard protocol for 9L tumor treatment increased significantly and exponentially animal survival and tumor control. Indeed, multiport MRT increases biological equivalent doses by a factor of ~2.5, a result never achieved by any other radiotherapeutical approach. The exceptional normal tissue sparing and the outstanding therapeutic index make multiport MRT a promising innovative method that is primed for clinical translation.

Key words: microbeam radiation therapy, brain tumor, dose escalation, behavior, normal tissue

Résumé de thèse

En recherche et en clinique, les états pathologiques du cerveau ont été caractérisés, et de nouvelles stratégies de traitement évoluent au quotidien. Néanmoins, le traitement de l'une des maladies les plus graves, le glioblastome, est dans de nombreux cas sans succès. Dans ce domaine, la radiothérapie représente la méthode la plus efficace. Cependant, comme les cellules saines sont également affectées par les effets des rayonnements que les cellules cancéreuses, la dose prescrite reste fortement limitée par les effets indésirables radiotoxiques. Ainsi, une demande continue d'amélioration de techniques d'irradiation défie les chercheurs et les cliniciens à ce jour. Une nouvelle forme de radiothérapie est en cours de développement, la Microbeam Radiation Therapy (MRT). En MRT, les rayons X, générés par une source de lumière synchrotron, sont collimatés en microfaisceaux de quelques dizaines de microns de large et séparés de quelques centaines de microns. Cette géométrie d'irradiation permet un dépôt de dose très élevée dans les trajets des microfaisceaux (dose pic) tandis que les tranches de tissu situées entre eux ne reçoivent que 5 à 10% de la dose pic (dose vallée). Le principal avantage de cette nouvelle modalité réside dans les effets préférentiels sur la tumeur par rapport aux tissus sains. Les réponses des vaisseaux tumoraux diffèrent considérablement de celles observées dans les vaisseaux sanguins matures, préservant ainsi les tissus sains tout en permettant l'ablation des cellules cancéreuses. Dans cette thèse, les effets de la MRT sur le tissu cérébral sain ont été étudiés plus en détail. Premièrement, le cerveau entier de rats sains a été exposé à la MRT (doses vallées de 5 à 25 Gy). Deuxièmement, la MRT a été administrée selon plusieurs ports (jusqu'à 5), focalisées dans le noyau caudé droit (dose vallée de 10 Gy). Ces animaux ont été soumis à des tests comportementaux, à une imagerie par résonance magnétique (IRM) et à une analyse histologique jusqu'à un an après l'exposition. Ces résultats ont été comparés à des animaux non traités ou exposés à une irradiation par faisceau plein (Broad Beam, BB), généré à l'hôpital ou au synchrotron. Par ailleurs, l'efficacité thérapeutique de la MRT avec la géométrie à 5 ports a été évaluée sur des rats porteurs de gliosarcome 9L. Les résultats ont démontré que les effets à long terme de la MRT sur les tissus cérébraux sains à des doses vallées supérieures à 10 Gy n'étaient pas négligeables. Des effets vasculaires chroniques ont débuté à cette dose, alors qu'une nécrose tissulaire n'a été observée qu'après une exposition de 25 Gy. Des changements de comportement ont été observés par une augmentation de la locomotion et de l'exploration. Cependant, les observations vétérinaires n'ont pas soulevé de préoccupation chez les rats irradiés avec une dose vallée de ≤ 17 Gy ou chez les rats exposés à la configuration multiport. Remarquablement, l'ajout successif d'incidences MRT au protocole standard pour le traitement des tumeurs 9L a augmenté de manière significative et exponentielle la survie des animaux et le contrôle tumoral. En effet, la MRT multiport augmente les doses d'équivalences biologiques d'un facteur d'environ 2.5, un résultat jamais atteint par aucune autre approche radiothérapeutique. La préservation des tissus sains et l'index thérapeutique exceptionnel font de la MRT multiport une méthode innovante et prometteuse qui est prête pour un transfert vers la clinique.

Mots clés: radiothérapie par microfaisceaux, tumeur cérébrale, échelle de dose, comportement, tissu sain
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 1111111 General Tumor typesBrain cells are, like any other cells in the body, subject to external and internal factors that constantly challenge the cell's integrity and normal functioning. The DNA is of particular importance, and it is obliged to permanently counteract damaging events caused by such factors, called carcinogens. However, failure of repair mechanisms can lead to abnormal functioning, genetic instability and an uncontrolled cell cycle that may eventually result in the formation of neoplasms (1).
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 12 D), implying a high demand of expertise and complicating precise categorization. This may leave room for subjective interpretations, which regularly results in not negligible inter-observer variations of histologic findings. Mitotic figures are an essential characteristic of GBM, as well as endothelial proliferation (contrasting the cooptation of existing vessels in lower-grade gliomas) that can be seen as glomeruloid microvascular structures (Figure 1.2-H). Ischemic necrosis is frequent and may present itself as coagulation or pseudopalisading necrosis, the latter describing an accumulation of tumor cells lined around a central core of necrotic material (Figure 1.2-

Figure 1 . 1

 11 Figure 1.1 Imaging techniques for brain tumor diagnosis. The axial CT image (A) of a glioblastoma depicts a large hypodense mass in the frontal lobe with an irregularly shaped, hyperdense margin. For comparison, the contrast-enhanced T1-weighted image (B) of the same case allows more precise characterization of the lesion, i.e. irregular peripheral enhancement surrounding a central non-enhancing area, indicating necrosis. CT and MR images extracted from G. Shukla et al., Chin Clin Oncol, 2017. CT: computed tomography. A 79-year-old man with glioblastoma (C). Diagnosis was done using axial contrast-enhanced T1-weighted MRI acquisition (left) and 18 F-FDG PET (right). The frontal tumor mass shows contrast enhancement on the MR image that corresponds to an extensive 18 F-FDG uptake (arrows), besides high metabolic activity in normal cortical areas. MR and PET images extracted from A. Verger et al., Glioblastoma, 2017. 18 F-FDG: 18 F-labeled fluoro-deoxyglucose, PET: positron emission tomography.

Figure 1 . 2

 12 Figure 1.2 Light-microscopic histopathology for brain tumor diagnosis. The hematoxylin-eosin stained sections depict the wide range of histologic features of glioblastomas. Some tumor components can include small homogeneous cells with round to oval nuclei, high cellularity and high mitotic activity (A, B). On the other hand, pleomorphic-shaped cells with irregular nuclei can appear (C). Sometimes swollen cells that resemble gemistocytes (arrow) are seen (D). Multinucleated giant cells are frequently encountered (E). GBM with oligodendroglial components show cells with clear cytoplasm and round nuclei surrounded by a perinuclear halo (F, G). Amongst the most common features are microvascular proliferation, forming glomeruloid structures (arrow, H), and necrosis. Ischemic necrosis can be distinguished from pseudopalisading necrosis (I) that shows tumor cell accumulation (arrows) around a necrotic core (asterisk). Histologic images extracted from Ref. [22], and in H from D. Brat et al., AJP, 2001. Scale not given.

  surgical accessibility and proximity to vital normal brain structures, are critical determinants. Nevertheless, a multimodal procedure combining surgery, chemo-and radiotherapy is in most cases recommended. The so-called Stupp regimen, which proposes a precise treatment schedule, has first been published in 2005 and has not changed since, despite intensive research within the three mentioned therapeutic fields but also in emerging techniques. This regimen is based on a world-wide clinical trial conducted by the European Organization for Research and Treatment of Cancer (EORTC) and the National Cancer Institute of Canada (NCIC) from 2000 to 2002 and included almost 600 patients. It has been concluded that the most efficient approach includes surgery (if possible), combined with standard radiotherapy delivering 60 Gy in 30 daily fractions of 2 Gy (over 6 weeks) and concomitant temozolomide chemotherapy (75
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 13 Figure 1.3 "Integrated" histologic and molecular procedures for brain tumor diagnosis. A simplified guide for classification of diffuse gliomas grade II to IV, based on histological and genetic features. Note that diagnostics do not necessarily proceed from histology first to molecular genetic features next, depending on individual clinical cases. Schema adapted from Ref. [4].
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 14 It has been demonstrated
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 14 Figure 1.4 Fluorescence-guided surgery for the treatment of glioblastoma. A -Intra-operative view of a glioblastoma under a white-light microscope. B -Same view, however, 5-aminolevulinic acid (5-ALA) was administered before the surgery and is transformed into a fluorescent marker after tumor uptake. Under blue-light microscopy, the tumor can be visualized as a red fluorescent mass. Photographs extracted from E. Molina et al., Neurosurg Rev, 2017.
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 115 Figure 1.5 Spectrum of electromagnetic waves. X-rays used in radiotherapy are amongst electromagnetic waves with a frequency of ~10 18 Hz and a wavelength in the range of pico-to nanometers.
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 16 Figure 1.6 Compton effect and photoelectric effect.A -During the Compton effect, the photon (carrying 100 to 1000 keV) induces the detachment of an electron. This leads to energy loss of the photon (longer wavelength) and scattering. The released electron (Compton electron) travels with a kinetic energy away from the atom. The electron and the scattered photon can have enough energy to ionize further atoms. The photon will eventually be absorbed by an atom. B -In the photoelectric effect, the incident photon is absorbed by the atom and causes the detachment of an inner-shell electron. This photoelectron moves away from the atom with its kinetic energy, leaving a void on the inner shell. The void is filled with an electron from an outer shell, leading either to the emission of a characteristic X-ray photon (left), or to the release of an electron from outer shells (Auger electron, right).

  photoelectronAuger electron low-energy X-ray photon
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 17 Figure 1.7 Damages to DNA through effects of ionizing radiation. The following DNA lesions (amongst others) can be induced directly through ionizing effects of photons and secondary electrons, or indirectly through radicals formed during water radiolysis. From left to right: DNA double-strand breaks, modification or destruction of nucleobases, interstrand cross-links, intrastrand cross-links. Extracted from http://emfsurveydallas.com/dna-cell-damage-ionizing-radiation-cancer/.
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 18 Figure 1.8 DNA cell cycle checkpoints and overview of repair responses to DNA damage. A -During the cell cycle, checkpoints assure the correct processing of the DNA. If DNA is damaged, cell cycle checkpoints are up-regulated, which may lead to the arrest of the cycle at the G1/S or G2/M passages or a pause during the S phase. This arrest allows for DNA to be repaired. B -The response to DNA damage includes the activation of cell cycle checkpoints and DNA repair. If the damage cannot be successfully repaired, the cell cycle can be blocked permanently, leading to senescence, or apoptosis may be induced. If damages are not repaired and remain undetected, the outcome may be genomic instability and mutations that can ultimately lead to oncogenesis. Schematic illustrations extracted and adapted from Ref. [41].
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 19 Figure 1.9 The multileaf collimator. Image of the 120 Millenium multileaf collimator; from Varian Medical Systems, Inc.
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 1 Figure 1.10 The therapeutic ratio.The concept of the therapeutic ratio describes the relationship between tumor control (its dose-response curve) and normal tissue tolerance (its dose-toxicity curve). This example shows high tumor control probability (TCP) at a given dose (corresponding to the dashed line) but the same dose induces unacceptably high normal tissue complication probability (NTCP). Radiotherapy approaches aim at moving the TCP curve to the left and the NTCP curve to the right in order to optimize the therapeutic ratio. Graphic illustration extracted and adapted from Ref.[45] (adapted from L. Gunderson et al., Clinical Radiation Oncology, 3 rd ed., 2011).
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 1 Figure 1.11 Stereotactic radiosurgery (SRS) for precise, high-dose tumor treatment.A -Example of a Leksell Gamma Knife®, which delivers gamma radiation, emitted from cobalt-60 sources and shaped into thin beams through a specialized helmet, into a targeted tumor from various directions. B -The CyberKnife® is a SRS system that does not necessitate a rigid headframe. X-ray photons, generated by a linac, are directed to the target via a robotic arm and offer precise and high dose delivery to the tumor. Schematic illustrations extracted in A from https://www.elekta.com/radiosurgery/leksellgamma-knife-perfexion/ and in B from https://www.accuray.com/cyberknife/cyberknife-treatment-delivery/.
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 1 Figure 1.12 Characteristic profiles of photons, protons and carbon ions. Dose deposition profiles relative to tissue depth for 6 MeV photons (dashed line), carbon ions (solid line) and protons (pointed line). The latter two show a local transfer of energy (Bragg peak) in deeper tissue layers than photons, allowing the sparing of tissue up-and downstream of the proton/carbon ion beam. Graphic illustration extracted from Malouff et al., Front Oncol, 2020.
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 1 Figure 1.13 Development of radiation-induced brain injury. Simplified timeline and associated symptoms occurring after fractionated whole-brain radiotherapy. Extracted and adapted from Ref. [75].

Figure 1 .Figure 1 .

 11 Figure 1.14 Pathophysiological responses of radiation-induced brain injury.Radiation exposures can induce neuroinflammation associated with an upregulation of transcription factors, cytokines and further molecules of the immune system. Epigenetic alterations on DNA and RNA level as well as phosphorylation of the H2AX complex may appear. Apoptosis of brain cells, in particular oligodendrocytes, is frequently caused by radiation. It also decreases the capacity of stem and progenitor cells to differentiate and proliferate. Frequent and feared histopathologic changes include radionecrosis and demyelination. The disruption of the BBB may appear as a consequence of epithelial cell loss. NSC: neural stem cell, OPC: oligodendrocyte progenitor cell. Illustration extracted from Ref.[START_REF] Yang | Pathophysiological Responses in Rat and Mouse Models of Radiation-Induced Brain Injury[END_REF].
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 7 Zeman, H. J. Curtis and C. P. Parker published in 1961 breakthrough evidence that paved the way for the development of microbeam radiation therapy. They found that the delivery of a tremendous dose of 4000 Gy through a cylindrical deuteron beam, measuring 25 micrometers in diameter, did not dramatically damage normal mouse brain tissue (Figure 1.16-C/D). Indeed, neither blood vessels nor the brain architecture appeared negatively affected, while a thin path of lacking nerve cells was detected where the beam had traversed the tissue. In contrast, a beam of 1 millimeter thickness (Figure 1.16-A/B) induced marked vascular changes and tissue necrosis, seen as a macroscopic cavity, when delivering 140 Gy. The authors already came to the conclusion that the absence of vascular disturbances played a major role in tissue preservation after microbeam application (113). Despite these extraordinary findings, MRT had to await the 1990s to become popular in preclinical research, related to the advancements of synchrotron radiation. It was first developed at the Synchrotron Light Source (SLS) of the Brookhaven National Laboratory (BNL) in the United States. Research published in 1992 by Slatkin and his colleagues demonstrated the first dosimetrical approaches of multiple planar microbeams, compared withthe known cylindrical beam shape. Using monochromatic, synchrotron-generated X-rays,7 It should not be left unmentioned that GRID-therapy has been used over the years, and until today, in selected patients (295, 296).

Figure 1 .

 1 Figure 1.16 First histologic normal mouse brain findings of the "dose-volume effect" when comparing irradiation beams with 1 millimeter and 25 micrometer diameter. A -The center of a 1 mm-wide beam, aimed at the visual cortex in normal mice, shows cell and vascular necrosis 24 days after delivery of 140 Gy. B -The same beam diameter but a dose of 280 Gy causes a cystic cavity surrounded by a rim of lacking nerve cells at 120 days post exposure. C -In contrast, a small beam measuring 25 µm and delivering 4000 Gy leads to nerve cell loss within its track at 24 days post irradiation, whereas normal appearing veins can be found in the microbeam path. D -Even a dose of 7500 Gy delivered through a 25 µm beam does not cause tissue necrosis but only nerve cell loss, while the depicted artery in the beam path shows proliferating endothelial cells. Histologic illustrations (PAS-gallocyanin staining) extracted from Ref. [113]. d p.i.: days post irradiation. 1 mm, 140 Gy, 24d p.i. 1 mm, 280 Gy, 120d p.i. 25 µm, 4000 Gy, 24d p.i. 25 µm, 7500 Gy, 15d p.i.

Figure 1 .

 1 Figure 1.17 Exemplified dose profiles of microbeam "peaks" and inter-beam "valleys" in MRT. A -Schematic relative dose profile of the peak regions of two microbeams with the valley region located inbetween them. The latter presents a transition zone in which the dose rapidly decreases before creating a rather homogeneous valley dose towards the center of the valley region, which mainly determines the biological effects on cells and tissues. Extracted from Ref. [145]. B -Simulated dose profile of a microbeam array of 50 parallel, 25 µm-wide X-ray microbeams, spaced 200 µm apart. "Valley 25-26" corresponds to the low-dose valley region in-between the high-dose "Peak 25" region and the adjacent 26 th microbeam of the array. Extracted from E. A. Siegbahn (PhD thesis), 2007.

For

  instance, R. Serduc et al. explored the influence of different microbeam widths on the survival of Fischer rats that had been implanted with grade IV glioma cells, the 9L gliosarcoma (9LGS) model(117). Microbeam widths between 25 and 75 µm were chosen, while keeping the distance between the microbeams and the valley dose constant (by increasing the peak dose for decreasing microbeam sizes). While all of the MRT protocols prolonged animal lifespan compared with untreated rats, 25 µm-wide beams led to acute toxicity and death in some of the tumor-bearing animals and also in normal, tumor-free rats. Interestingly, the thickest, 75 µm-wide microbeams induced the most effective tumor destruction 8 but the median survival time (MST) of these rats (and of normal rats irradiated with 75 µm beam width) was inferior to the MST of animals irradiated with 50 µm-wide microbeams. It was thus concluded that microbeams of 50 µm width presented a good compromise between tumor control and normal tissue toxicity, i.e. the best therapeutic ratio within the study (117). Similar research, conducted by P. Regnard et al., investigated the therapeutic ratio when adjusting the center-to-center (ctc) spacing of microbeams. It was shown that 100 µm spacing of 25 µm-wide microbeams, delivering a constant peak dose, increased the survival of 9LGS-bearing rats, compared with 200 µm spacing. However, animals irradiated with the smaller microbeam spacing exhibited more pronounced neurologic deficits and a poorer clinical status than animals in the larger spacing group. Hence, the 200 µm spacingconfiguration appeared more adequate for the protection of normal tissues and of the animals' "quality of life" (118).
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 118 Exceptions have been mentioned in beam-crossing areas and in cases where vessels are hit longitudinally in parallel direction to a microbeam that traverses a vascular segment of ~100 µm in length (115, 121, 144). The induced damage is apparently more difficult to repair, resulting in fibrinoid changes without necessarily causing tissue necrosis (115).

  the paths have a highly effective capacity to repair DNA and other cell damage (113). Another conception addresses the ability of neighboring viable endothelial cells to proliferate, closing the gap of dying ECs in the microbeam paths through hyperplasia. In addition, minimallyirradiated endothelial precursor cells in the valley regions might migrate to the site of damage, differentiate into functional ECs and replace the damaged cells (115). More recently, it has been declared that one of the earliest reparative reactions might be the elongation of viable endothelial cells adjacent to damaged ECs; the former would "reach out" to get in contact with viable ECs on the opposite side of the microbeam track and temporarily cover the gap of necrotic cells until proliferating and migrating ECs allow permanent repair of the vessel integrity (144-146).
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 1 Figure 1.18 Intravital microscopy of normal mouse brain vessels after MRT exposures. Images acquired in vivo from the left parietal cortex of a nude mouse 12 h after 312 Gy (A and B) or after 1000 Gy (C and D) MRT peak entrance dose exposure. Either a large (FITC Dextran, A and C) or a small (SRB, B and D) intravascular probe were administered. Only the high MRT peak dose (1000 Gy) led to transient extravasation of the small probe within the microbeam paths (arrows). Illustrations extracted from Ref. [144].

Figure 1 .

 1 Figure 1.19 Intravital microscopy of chorio-allantoic membranes (CAM) after MRT exposures. Images of the vessel network, colored by a fluorescent vascular probe, of a chick CAM which was irradiated on day 12 (CAM12) of embryonic development. A -Six hours after irradiation of CAM12 with an MRT peak dose of 300 Gy, the microvasculature showed stripe-like small lesions where the capillaries were cut by microbeams (arrows). Fewer effects were seen on supplying vessels (arrowheads). B -The vasculature recovered 24 hours after delivery of 300 Gy MRT peak dose in CAM12. The vessel density was similar to that of an age-matched control CAM (C). Illustrations extracted from Ref. [152].

Figure 1 .

 1 Figure 1.20 Effect of MRT on tumor vasculature in the 9LGS model. At 18 days after implantation, a loss of endothelial cells (RECA-1, green) was seen in irradiated (MRT+) rats but not in untreated tumors (MRT-). Tumor vessel tubes, stained with an anti-type IV collagen marker (red), were observed in control as well as treated brains. Illustrations extracted from Ref. [124].

Figure 1 .

 1 Figure 1.21 Tumor control efficacy in a 9L gliosarcoma rat model after MRT compared with broad beam exposures. A -Survival curves of 9LGS-bearing rats that were left untreated (black), irradiated with broad beam (BB) therapy (blue), or treated with microbeam radiation therapy (MRT) (peak dose of 200 Gy [orange] or 400 Gy [red]). An MRT valley dose of 9 Gy (MRT 200 Gy) resulted in similar animal survival as 18 Gy BB dose, whereas 18 Gy MRT valley dose (MRT 400 Gy) led to the longest survival. B -The corresponding tumor volumes are shown as a function of time, revealing similar tumor growth in the MRT 200 Gy and BB groups but significantly smaller tumor volumes until 22 days post irradiation (32 days post implantation) after MRT 400 Gy exposure. Illustrations extracted from Ref. [157].

  width x height WxL = field width x length F = Fischer 344 rat * = MST post implantation na = not applicable ad = at depth (valley dose delivered approximately at target depth, while peak doses may refer to skin-entrance doses)
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 2222223 Figure 2.2 Dosimetrical characteristics of the hospital broad beam exposure. The hospital BB spectrum is depicted on the left, whereas a dose-volume histogram (DVH) of the 25 Gy whole-brain exposure is shown on the right. In the DVH, the green line gives an example of an organ at risk (eye), while the other colored lines represent each of the 6 irradiated rat brains.
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 24 Figure 2.4 Principle of the single stack multislit collimator. A -The single stack multislit collimator (MSC) produces planar microbeams as the synchrotron radiation beam propagates through the 50 µm radio-lucent slits that are spaced 400 µm apart. B -Example of the optical density corresponding to microbeams produced by the single stack MSC and recorded by a Gafchromic film. Extracted from Ref. [177].

  2 and 15.8 mm of the field). Before imparting on the multislit collimator, the beam was filtered with 1.15 mm carbon, 0.54 mm aluminum, 1.24 mm aluminum, 0.35 mm copper and 0.69 mm copper (maximal photon intensity of 83 keV) and the dose rate amounted to 68 Gy/s/mA with 24.8 mm magnet gap of the W150 wiggler. Contrary to hospital irradiation, a lateral (right-left) array of microbeams traversed the brain since the standard irradiation protocol and set-up at the ESRF are intended for lateral dose exposures. The beam trajectory was drafted on a specifically adapted treatment planning system (ISOgray TM DOSIsoft) and organs at risk were contoured for dose distribution analysis. The beam was designed to expose the entire brain with exclusion of the cerebellum and the eye region.
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 4 1 ms or 16.1 ms of the first echo of the sequence, a repetition time of 1200 ms between successive pulses and a flip angle of 60° of the excitation pulse. This method allows the evaluation of T2* relaxation time which is suitable for tissue susceptibility measurements, for instance particle accumulations in the tissue such as blood cells (micro-bleeding), in which paramagnetic hemosiderin can be detected (180). This enhances T2* relaxation relative to surrounding soft tissue, resulting in lower intensity of the signal (darker areas compared with normal brain tissue).For analysis of the diffusion maps and the T2* relaxation sequences, the Matlab toolbox MP3 (Medical software for Processing multi-Parametric images Pipelines, Grenoble Institute of Neurosciences) was applied in Matlab (Matlab®, ©1984-2018 The MathWorks, Inc.,

  placed on a specimen disc in OCT embedding media (Optimal Cutting Temperature compound) in horizontal position with the dorsal cortical surface on top. The disc holding the sample was then fixed into the specimen head (cooled at -16°C). Once the sample was set in place, 18 µm-thick horizontal brain sections were cut and collected at approximately 4.1 mm and 5.5 mm depth from the dorsal cortical surface. The right depth was verified using a rat brain atlas (The Rat Brain in Stereotaxic Coordinates, 2 nd edition, G. Paxinos & C. Watson).

  These observations were set in relation to the treatment, i.e. hospital broad beam irradiation or MRT, delivering 5/7, 10, 13, 17 or 25 Gy (MRT valley or BB dose) to the whole brain, and compared to untreated control rats (0 Gy). Acute radiotoxicity was observed for MRT peak doses of 1002 Gy and 681 Gy ("real" 25 Gy and 17 Gy MRT valley doses), resulting in lethal grand mal seizures and death within a time frame of 2 to 6 hours after exposure (Figure 2.5). Thus, an MRT peak dose of 521 Gy delivered to the entire rat brain was the highest tolerable dose. MRT valley doses of 17 Gy and 25 Gy could only be reached by coupled delivery of a tolerable peak dose (400 Gy; diffusing valley dose of 10 Gy) plus 7 or 15 Gy BB dose (referred to as MRT17 and MRT25).16 Chronic radiotoxicity leading to euthanasia of rats was solely noted in 25 Gy groups of both irradiation modalities. Median survival time (MST) was significantly reduced after 25 Gy delivery, compared with untreated animals and with all irradiated rats up to 17 Gy (p=0.0002 and p=0.0003 for hBB25 and MRT25, respectively, Figure2.6). However, no significant difference in survival was seen between the two 25 Gy groups (MST of 170.5 and 163 days16 All analyzed parameters of the MRT17 and MRT25 replacement groups revealed a constant coherence in the dose-response curves, even with this slightly modified study design of coupling MRT with BB doses.
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 25227 Figure 2.5 Normal rat survival and acute toxicity depending on MRT peak dose after WB exposure.Kaplan Meier survival curves of normal rats as a function of hours post irradiation. Whole-brain (WB) MRT peak doses of ~1000 Gy (resulting in a "real" valley dose of 25 Gy, dark green) and ~680 Gy ("real" valley dose of 17 Gy, light green), induced acute, lethal radiotoxicity within 2 to 6 hours post exposure. Note that no precise time points of death were noted, which explains the seemingly simultaneous death of rats. In the following, "MRT17" and "MRT25" relates to replacement groups composed of MRT 10 Gy valley dose plus 7 or 15 Gy BB dose exposures. Black line: hospital BB (hBB) groups of 7, 10, 13, 17 and 25 Gy; MRT groups of 200 (5), 400 (10) and 520 (13) Gy peak (valley) dose.

Figure 2 . 6

 26 Figure 2.6 Normal rat survival and late toxicity depending mainly on MRT valley dose after WB irradiation.Kaplan Meier survival curves of normal rats as a function of days post irradiation. Chronic, lethal radiotoxicity was observed after 25 Gy hBB and MRT valley dose delivery, resulting in significantly shorter survival compared with all other irradiation doses and untreated rats (p=0.0002 and p=0.0003 for hBB25 and MRT25, respectively), whereas survival between both 25 Gy groups was not significantly different (p=0.331). Black line: hBB25 group, green line: MRT25 group, black dashed line: all other rats (related to MRT valley or hBB dose). Significance was determined using Log-rank (Mantel-Cox) test for p<0.05.

Figure 2 . 8

 28 Figure 2.8 Weight evolution after whole-brain irradiation of normal rats. A -Weight measurements throughout 10 months after hospital broad beam irradiation of the entire rat brain. Wave-like weight loss and weight gain were observed in the hBB 25 Gy group for ~4 months.B -Body weights after MRT with increasing doses. MRT25 treated rats showed varying weight loss (between -10% and -21%) during ~3 weeks before euthanasia. Note that rats in the MRT17 group were already significantly smaller on the day of irradiation, compared with control rats (p<0.0001), and remained lighter until the end, but gained weight proportionally to controls. Data are plotted as mean ± SD.

Figure 2 . 9

 29 Figure 2.9 Veterinary observations related to moderate radiotoxicity after whole-brain exposures. Absolute and recurring number of animals after whole-brain MRT or hospital BB irradiation as a function of days post exposure, treated for dental problems (trim of incisors). Mainly rats irradiated with high hBB doses (17 and 25 Gy) required dental care. Grey open circle: hBB 17 Gy, black closed circle: hBB 25 Gy, dark green triangle: MRT25. Each symbol represents the sum of animals for which veterinary intervention was required on a given day. The colored area includes recurring animals, e.g. the same animal needing incisor trim on consecutive days.

Figure 2 .

 2 Figure 2.10 Statistical analysis of weight measurements at 3 time points after WB exposure.A -Significant weight loss was induced at 2 months after hospital irradiation, compared with untreated animals (Ctrl; weight at 0 Gy) and MRT irradiated rats. 2m p.i.: 2 months post irradiation. Black line: hBB; green line: MRT. B -Lower weights were also observed at 6 months after hBB 17 and 25 Gy and after MRT17 exposure, compared with controls. Note that the hBB 25 Gy group was excluded from statistical analysis at 6 months post irradiation. Thus, the body weight (and any other corresponding result) of this group at 6 months p.i. has to be regarded with caution. C -At 10 months p.i., significant weight loss vs. controls was induced by both irradiation modalities but no significant difference was observed between them. Data are plotted as mean ± SEM. Significance was determined using two-way ANOVA tests for p<0.05, and noted as *hBB vs. Ctrl, °MRT vs. Ctrl, #hBB vs. MRT.

Figure 2 . 11 : 12 and 6 . 7 ).Figure 2 .

 21112672 Figure 2.11: Veterinary observations related to moderate radiotoxicity after whole-brain exposures. A -Absolute and recurring number of animals as a function of days after hBB irradiation (top) or MRT (bottom), presenting eye problems such as increased lacrimation, periorbital inflammation or, in severe cases after 25 Gy exposures, exophthalmos. B -Hair loss (epilation) was observed from 2 to 4 weeks after MRT17 and MRT25. C -Skin inflammation (dermatitis) was seen following epilation. Black cross: hBB 13 Gy, grey open circle: hBB 17 Gy, black closed circle: hBB 25 Gy, light green triangle: MRT 5 Gy, middle green diamond: MRT 13 Gy, bright green triangle: MRT17, dark green triangle: MRT25.
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 2 Figure 2.12-C). In addition, an MRT valley dose of 17 Gy led to significantly decreased defecation compared with the same hBB dose during the last test session (p=0.011, Figure 2.12-D).
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 2132 Figure 2.13 MRT increased swim activity and extended latency to immobility in the forced swim test.A -Swim activity in the forced swim test (FST) did not significantly differ between hBB irradiation and control scores, but MRT led to increased swim levels at 2 (top), 6 (middle) or 10 months p.i. (bottom). B -Similarly, reduced FST immobility was seen after MRT at 2 (top) and 10 months p.i. (bottom), while hBB and control scores did not significantly differ. C -At 10 months p.i., the latency to FST immobility was significantly prolonged after MRT compared with hBB therapy, while the latter had similar scores to untreated animals. Data are plotted as mean ± SEM. Significance was determined using two-way ANOVA tests for p<0.05, and noted as °MRT vs. Ctrl, #hBB vs. MRT.
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 2 Figure 2.13-C) and a similar tendency was displayed at 2 and 6 months p.i..
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 215 Figure 6.10). Indeed, significance was not reached for results obtained at 2 months p.i. (cf. large variations within the control group of 77.3 ± 43.3 sec for NO[sec]-FO[sec]

Figure 2 .

 2 Figure 2.14 Preserved motor capacities after radiation exposures. A -Counts of left paw and Bright paw steps, obtained during the 2 months (left) and 10 months (right) stepping test sessions, showed no significant differences in paw motricity and motor coordination between irradiated and untreated control rats. Data are plotted as mean ± SEM.

Figure 2 .

 2 16-A) of hBB irradiated rats differed from non-irradiated brains at 2 months p.i., where 25 Gy hBB dose induced significantly reduced water diffusion (p=0.003 vs. control, Figure2.16-B). However, at the following time points, no significant ADC changes compared with controls were observed.

Figure 2 .

 2 Figure 2.15 No significantly changed novel object recognition after radiation exposures.Object exploration in the novel object (NO) recognition task did not significantly differ from control scores after radiation exposures, despite slightly lower scores at 2 months p.i. (left) for all irradiated rats. Note that same results were obtained between the two irradiation modalities and between all dose groups. Data are plotted as mean ± SEM.

Figure 2 .

 2 Figure 2.16 Differences in whole-brain water diffusion after hospital broad beam irradiation and MRT at subacute delays.A -Brain water diffusion maps of untreated animals and hBB or MRT irradiated rats at 2 (top) and 6 months (bottom) after delivery of 13 or 25 Gy hBB/MRT valley dose. Note the dilated ventricles after MRT. Control: 1 st ; hBB 13 Gy: 2 nd ; hBB 25 Gy: 3 rd ; MRT 13 Gy: 4 th ; MRT25: 5 th column. B -Apparent diffusion coefficient (ADC) values extracted from whole-brain (WB) diffusion maps of hBB irradiated rats were reduced, in particular at 2 months p.i. (left panel), while they were elevated at all time points after MRT (i.e. 2 monthsleft, 6 monthsmiddle, 10 monthsright panel). Data are plotted as mean ± SEM. Significance was determined using two-way ANOVA tests for p<0.05, and noted as *hBB vs. Ctrl, °MRT vs. Ctrl, #hBB vs. MRT.

  time points (Figure2.16-B). Whole-brain diffusion was significantly increased after MRT 10 Gy (p<0.05) and 13 Gy (p<0.002) compared with control rats at 2 months post exposure, while 17Gy and 25 Gy did not lead to significant changes (p=0.346 and p=0.157 versus controls, Figure2.16-B). At 6 months p.i., whole-brain ADC values of all groups delivering ≥ 10 Gy differed significantly from controls (p<0.05), whereas no significance between any groups was reached at 10 months p.i.. In addition, dilated ventricles could be seen on ADC maps of MRT irradiated brains (Figure2.16-A).

1Figure 2 .

 2 Figure 2.17 Subacute differences in hippocampal and thalamic water diffusion after hospital BB therapy and MRT.A -ADC values obtained from left-and right-sided hippocampi at 2 (left panel) and 10 months (right panel) after hBB irradiation and MRT. Water diffusion moderately decreased after hBB exposure and increased after MRT, in particular in the right hemisphere at subacute intervals, leading to significant differences between the irradiation modalities. In contrast, ADC values approached the control level in the long term after irradiation. B -The dose-response curves of left-and right-sided thalamic ADC values showed similar courses as in A, but differences were less pronounced with the exception of significantly lower water diffusion in the left thalamus at 2 months after hBB irradiation, compared with controls. Dark blue: right-sided hBB, light blue: left-sided hBB, dark green: right-sided MRT, light green: left-sided MRT values. Data are plotted as mean ± SEM. Significance was determined using two-way ANOVA tests for p<0.05, and noted as *hBB vs. Ctrlleft side, #hBB vs. MRTright side.
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 2 Figure 2.18 Subacute reduction of water diffusion after hBB therapy in specific brain regions. A -ADC values obtained from the left-and right-sided caudate nucleus at 2 (left panel) and 10 months (right panel) after hBB irradiation and MRT did not significantly differ from control values. B -However, ADC values in left and right perirhinal cortex noticeably decreased at 2 months after hBB therapy, but approached control levels at long-term delays. Data are plotted as mean ± SEM. Significance was determined using two-way ANOVA tests for p<0.05, and noted as #hBB vs. MRTright side.

Figure 2 .

 2 Figure 2.19 Unchanged water diffusion after radiation exposures in the prefrontal cortex. ADC values retrieved from the irradiated prefrontal cortex remained close to control values at all time points. Data are plotted as mean ± SEM.

Figure 2 .

 2 Figure 2.20 Long-term reduction of whole-brain T2* relaxation times induced by MRT.A -T2* maps of untreated animals and hBB or MRT irradiated rats at 2 (top) and 6 months (bottom) after delivery of 13 or 25 Gy hBB/MRT valley dose. Note the hypo-intense signals after MRT exposures (dark markings, indicating particle accumulations), which were already visible at 2 months p.i. and became more pronounced over time. Control: 1 st , hBB 13 Gy: 2 nd ; hBB 25 Gy: 3 rd ; MRT 13 Gy: 4 th ; MRT 25 Gy: 5 th column. B -While whole-brain (WB) T2* fits remained close to control levels after hBB therapy (black line) from 2 months p.i. (left panel) to 10 months p.i. (right panel) MRI acquisitions, shorter T2* relaxation times were obtained at 10 months after high MRT dose delivery (green line). Data are plotted as mean ± SEM. Significance was determined using two-way ANOVA tests for p<0.05, and noted as *hBB vs. Ctrl.

  the last time point T2* relaxation times were significantly lower in the left hippocampus after delivery 17 Gy MRT valley dose than control values (p=0.008).

Figure 2 .

 2 21-Bshows that a comparable decline was also seen in T2* fit values obtained from the right hippocampus at 10 months p.i., even though they did not reach significance compared with controls, while same levels as controls were found at 2 and 6 months after MRT.

Figure 2 .

 2 Figure 2.21 Marked reduction of thalamic T2* relaxation times after MRT. A -T2* maps depicting the thalamus (Th) and hippocampus (Hc) of a rat brain irradiated with 17 Gy MRT valley dose at 2 (1 st panel), 6 (2 nd panel) and 10 months p.i. (3 rd panel). Note the hypo-intense signals in the Th and Hc, becoming more prominent over time, and dark markings which were also seen in the caudate nucleus at 10 months after MRT17 (CN, 4 th panel), but not in the perirhinal cortex (PrC, 5 th panel) or the prefrontal cortex (PFC, 6 th panel). Red circles indicate the regions of interest. B -T2* fit values obtained from left-and right-sided hippocampi at 2 (left panel) and 10 months (right panel) after hBB irradiation and MRT. While values remained close to control levels after hBB therapy at all delays, shorter T2* relaxation times were obtained at 10 months after high MRT dose delivery with significance reached in the left hippocampus, compared with controls. C -In contrast, left-and right-sided thalamic T2* values were already significantly lower at 2 months after MRT versus controls, and also differed significantly from the hBB irradiated right-sided thalamus. These differences were even more pronounced at 10 months after MRT. Dark blue: right-sided hBB, light blue: left-sided hBB, dark green: right-sided MRT, light green: left-sided MRT values. Data are plotted as mean ± SEM. Significance was determined using two-way ANOVA tests for p<0.05, and noted as °MRT vs. Ctrlright side, °MRT vs. Ctrlleft side, #hBB vs. MRTright side, #hBB vs. MRT left side.
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  values hBB vs. MRT right values hBB vs. MRT left values MRT vs. Ctrl right values MRT vs. Ctrl left values hBB vs. Ctrl right values hBB vs. Ctrl left hBB left hBB right MRT left MRT right Significant T2* fit alterations were in particular observed in the MRT irradiated thalamus (Figure 2.21-C), which became more pronounced over time and were more marked in the right than the left thalamus. For instance, MRT valley doses starting off 10 Gy and 13 Gy were found to significantly reduce T2* relaxation times at 2 months p.i in the right and left thalamus, respectively, compared with controls (p<0.005 for right-sided values and p<0.001 for left-sided values). Note that T2* fits of the MRT25 group reverted towards control values and were not

Figure 2 .

 2 Figure 2.22 Reduction of T2* relaxation times after irradiation was dependent on tissue sensitivity and the delay post exposure.A -T2* fits obtained from the left-and right-sided caudate nucleus remained unchanged after hBB therapy. They also did not differ from controls at 2 months after MRT (left panel), but were significantly lower in the right CN at 10 months (right panel), compared with controls and hBB irradiation. B -Interestingly, T2* fits in left and right perirhinal cortex were lowered after hBB therapy, with significance versus controls reached at 2 months p.i.. Values were also decreased after MRT and differed significantly from controls at 10 months p.i.. C -T2* fits retrieved from the irradiated prefrontal cortex did not show any deviation from control values. Data are plotted as mean ± SEM. Significance was determined using two-way ANOVA tests for p<0.05, and noted as *hBB vs. Ctrlright side, *hBB vs. Ctrlleft side, °MRT vs. Ctrlright side, °MRT vs. Ctrlleft side, #hBB vs. MRTright side.
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  alues hBB vs. MRT right alues hBB vs. MRT left alues MRT vs. Ctrl right alues MRT vs. Ctrl left alues hBB vs. Ctrl right alues hBB vs. Ctrl left hBB left thalamus (p=0.079 vs. control). Similar differences in MRT irradiated thalami were also seen at later time points since significantly lower T2* fits were obtained beginning with 10 Gy MRT valley dose at 6 months p.i. (p<0.05 compared with controls) and a dose of 17 Gy led to significant differences at 10 months after MRT (p<0.0001). The evolution of tissue changes was related to particle accumulation seen on representative T2* maps of a MRT17 irradiated rat brain at 2, 6 and 10 months p.i. (Figure 2.21-A, 1 st to 3 rd panel). Note the increasing surface covered in hypo-intense signal, confined to hippocampal and thalamic regions, and the right-sided dominance of tissue lesions. Significance compared with non-irradiated brains was reached in the left and right caudate nucleus (CN) at 6 months after MRT valley dose delivery of 17 Gy (p<0.01), and in the right CN at 10 months after 17 Gy MRT exposures (p=0.011 vs. control, Figure 2.22-A). Similar differences were observed for T2* fits retrieved from the perirhinal cortices (Figure 2.22-B). At 2 months p.i. significance versus controls was reached in both perirhinal cortices for the MRT10 and MRT17 groups (p<0.05), whereas the other groups did not significantly differ (p>0.1). These alterations became more pronounced at later delays. For instance, leftsided T2* fits of the perirhinal cortex were significantly lower than control values (p<0.05) starting off 13 Gy and 10 Gy MRT valley dose at 6 and 10 months p.i., respectively, and rightsided values also differed significantly from controls after 17 Gy delivery at both time points (p<0.02). Even though changes in T2* values were less pronounced in the prefrontal cortex (Figure 2.22-C), significance was nevertheless reached after an MRT valley doses of 17 Gy at 6 months p.i., compared with untreated brains (p=0.0004). T2* maps at 10 months p.i. of the same MRT17 irradiated rat as mentioned above demonstrate tissue alterations corresponding to decreased T2* relaxation time, in particular in the caudate nucleus (Figure 2.21-A, 4 th panel).

Figure 2 .

 2 Figure 2.23 No differences in brain section sizes after hospital irradiation or MRT. Brain sizes were determined measuring antero-posterior (A,C) and latero-lateral (B,D) distanced on horizontal, HE stained brain sections at 10 months post irradiation. Sections were taken at the level of the dorsal hippocampus (~4.1 mm of depth; A,B) and the thalamus (~5.5 mm of depth; C,D). No significant differences were seen between groups, despite slightly smaller sections after MRT exposures. Data are plotted as mean ± SEM.

  posterior (A-P) and latero-lateral (L-L) distances assessed on HE sections were not significantly different regarding irradiated versus non-irradiated brains and hBB versus MRT exposures (Figure 2.23). A slight decrease in size was noticed for MRT irradiated sections, in particular after 10, 13 and 17 Gy valley dose delivery, however, the A-P and L-L distances in brain depths at hippocampal (~4 mm deep) and thalamic levels (~5.5 mm deep)
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 22 Figure 2.25-A/B, black arrows). HE sections were also used for the evaluation of structural tissue changes (Figure 2.24, taken at ~5.5 mm of depth) compared with non-irradiated brains (Figure 2.24-A). No obvious alterations were detected after 7 to 17 Gy of hospital irradiation (cf. hBB13, Figure 2.24-B), but few tissue lesions were observed after 25 Gy exposure. For instance, the lateral ventricles of one sample contained wide venules with some granular hemoglobin, and a general dilatation of the lateral ventricles was also detected on sections of

Figure 2 .Figure 2 .

 22 Figure 2.24-D, increased from 0.1 ± 0.1 after MRT10 to 2.8 ± 0.8 after MRT13 (cf. HE MRT13, Figure 2.24-E, black arrowheads) and reached the highest scores after MRT17 (8 ± 1.9). Individual calcified vacuoles measured up to 25 microns in diameter and where only exceptionally located outside of the microbeam path. Differences in susceptibility to calcifications of certain brain regions were noticed. For instance, on sections taken at 4.1 mm of depth they were exclusively found in the stratum granulosum of the rostral part of the cerebellum and only along microbeam stripes (cf.Figure 2.25-B). In contrast, sections 5.5 mm
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 22 Figure 2.25 Differing tissue sensitivity to calcifications and tissue necrosis after high MRT doses.A -HE-illustrations taken from a rat brain irradiated with 17 Gy MRT valley dose. Regions of interest comprised thalamic nuclei (1 st panel), the hippocampus (2 nd panel), the caudate nucleus (CN, 3 rd panel), the perirhinal cortex (PrC, 4 th panel) and the prefrontal cortex (PFC, 5 th panel). Tissues in the thalamus and the caudate nucleus, in particular in the right hemisphere, were the principal location of calcified foci at 5.5 mm depth, besides the granular cerebellar layer on ~4 mm-deep sections. B -The only microcalcification cluster after 10 Gy MRT exposure was seen in the stratum granulare of the cerebellum (-4.1 mm), confined to the microbeam path (arrow). C -Major tissue lesions, seen as tissue necrosis (arrows) on HE sections and loss of blood vessel (decreased RECA-reactivity) with increased Glut-1 and Coll-IV staining, were only seen after 25 Gy delivery. The necrotic tissue was primarily found in fimbria, but also in adjacent structures such as the putamen and lateral septal nuclei.

  Thalamic calcifications were found bilaterally, but microcalcifications in other brain regions were predominantly detected in the right hemisphere, e.g. in the right caudate nucleus (Figure 2.25-A, right CN). Interestingly, no obvious calcification of the hippocampus, the perirhinal and prefrontal cortices were observed (Figure 2.25-A, right hippocampus, PrC and PFC). Conversely, two MRT13 irradiated brains showed small focal hemorrhage in the right distal hippocampus (diameter <1 mm). Even though microcalcifications in the MRT25 group were seen less frequently (mean of 3.1 ± 1.1, Figure 2.24-D/F, arrowheads), necrotic foci became predominant elements (cf. HE MRT25, arrows). They extended from the cranial part of the putamen to the lateral septal nuclei, reaching right and left fimbria in areas of 5 x 1 mm 2 on sections at 4.1 mm depth (cf.Figure 2.25-C). Whereas the dentate gyrus and CA1 appeared largely unaffected, the hippocampal fields CA2 and CA3 showed extensive symmetric necrosis on these sections. In deeper layers, additional necrosis of parts of the corpus callosum was
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 226 Figure 2.26, confirmed the tissue lesions mentioned above. For instance, RECA-and Coll-IVreactivities were reduced in the altered area rostral of the cerebellum on the brain section of the hBB25 group (Figure 2.26-A, 6 th panel), where labeling of the Glut-1 marker was moderately increased. However, these changes were sparse examples of alterations seen after hBB exposures; a generally well-preserved tissue architecture and vascular network was observed for all dose groups. In contrast, typical microcalcifications after MRT were seen on RECA-, Coll-IV-and Glut-1-illustrations in Figure 2.26-B, with increasing frequency and severity as the irradiation dose augmented. While a sporadic vacuolated calcification (white arrowhead) was seen 10 months after 10 Gy MRT valley dose delivery (2 nd panel), increasingly large areas were found after MRT13, MRT17 and MRT25 exposures (3 rd to 5 th panel), in particular in thalamic nuclei, were calcified foci agglomerated into grape-like clusters. The general vascular integrity seemed well preserved up to 17 Gy MRT valley dose deposit, according to immunoreactivities in Figure 2.26-B, while markedly lower staining for vessel structures was seen on MRT25 illustrations. Indeed, RECA labeling diminished, while Coll-IV-and Glut-1-reactivities

Figure 2 .

 2 Figure 2.26 General preservation of tissue vascularization, but alterations after high irradiation doses.A -The triple immunostaining of collagen, endothelial cells and glucose-1-transporters showed wellpreserved tissue architecture and vascular network on 7 to 17 Gy hBB irradiated sections (top row, 2 nd -5 th panel, 1 st panel: untreated control section). RECA-and Coll-IV-reactivities were slightly reduced on the brain section of the hBB25 group (top, 6 th panel), with a moderate increase of the hypoxia-marker Glut-1. B -In contrast, microcalcifications were detected after MRT (bottom row) with increasing frequency and severity as the irradiation dose escalated. While a sporadic vacuolated calcification was seen 10 months after 10 Gy MRT valley dose delivery (white arrowhead, 2 nd panel), increasingly large areas were found after MRT13 (3 rd panel), MRT17 (4 th panel) and MRT25 exposures (5 th panel), in particular in thalamic nuclei (Th), were calcified foci agglomerated into perivascular, grape-like clusters. However, the general vascular integrity seemed well preserved up to 17 Gy MRT valley dose deposit, while lower staining for endothelial cells was seen on MRT25 illustrations. Bottom, 1 st panel: MRT 5 Gy did not show tissue alterations.
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 227 (200). It is thus a coherent finding that hemorrhage on T2* maps and microcalcifications on histologic sections were predominantly associated with the abundant, large thalamic vessels and the finer, but dense cortical vasculature, in particular in the cerebellar cortex. Indeed, the only calcified cluster after 10 Gy of whole-brain MRT exposure was seen along a microbeam path traversing the cerebellum.Regionally differing MRT-and dose-related radiosensitivities may thus be explained through differences in the brain structure-specific vascular network. Our results demonstrate further that, despite the fact that few damaging effects on normal, mature vessels have been shown to emanate from MRT shortly post irradiation(144, 152, 194, 202), preserving normal tissue perfusion (153), there may be a major limitation. Prominent and irreversible MRT-induced vessel changes may only become apparent in the long term post exposure, which is in line with the fact that the vascular remodeling and turnover rate in adult mice has been shown to be principally quiescent (203).

Figure 2 .

 2 Figure 2.27 Vascular high-resolution atlas of a mouse brain reveals regional differences in vessel density and size. A -Illustration of a 200 μm-thick coronal section of the C57BL/6 mouse brain at 2 months of age, providing a global view of the complex vascular network. Boxed areas in the cortex (F), hippocampus (G) and thalamus (H) are shown at a higher magnification. Yellow/green lines represent blood vessels, while green dots show somata of hippocampal pyramidal cells and radial blue lines depict dendrites. B -Maximum intensity projection of a 400 μm-thick coronal section adjacent to that shown in A, demonstrating blood vessels with the vascular volumetric density coded in color. Boxed areas of the cortex (J), hippocampus (K) and thalamus (L) are shown at a higher magnification. Note the low vessel density in the hippocampus, compared with large vessels situated in the thalamus and an abundant and highly arranged vascular network in the cortex. Illustrations extracted from Ref. [200].

  The most prominent behavioral alteration induced by MRT exposures was seen as hyperactivity in the open field and forced swim tests. For example, increased OF walking distance/decreased immobility were seen after delivery of MRT valley doses of ≥ 10 Gy. The notion of MRT-induced hyperactivity in rodents has been mentioned before but has never been fully explored. Serduc et al. found a transient hyperactivity in mice, lasting for few hours after exposure of the left upper hemisphere (144), and Laissue et al. showed that hind brain irradiations in Sprague-Dawley rat pups induced significant hyperactivity and a disinhibition of exploratory activity until more than one year after MRT (149). In contrast, no significant differences in open field activity and rotarod performance were reported at 2 weeks to 2 months after targeted MRT exposures of specific brain regions in GAERS for the treatment of epilepsy(162, 204). It has to be distinguished, however, that GAERS are naturally active and show reduced anxiety-like behavior, compared with Wistar rats (205), which may explain the differences in activity levels after MRT exposures contrasting those of the Fischer rat strain.

  Gy hBB dose may have not been high enough to induce such microbleeds. However, radiation-induced microbleeds in human patients have predominantly been found in lobar areas, in particular the occipital lobe, whereas none were seen in deep brain areas, including the thalamus (211). Few studies have specifically investigated the outcome of microbeam or conventional irradiations on the thalamus. Bilateral targeting of ventrolateral thalamic nuclei with MRT exposures has not led to changed motor activity in GAERS, despite the fact that efficient vascular disruption and cell death in the thalamus were induced (162). Boström et al. performed conventional cranial irradiation delivering 8 Gy to mice in the postnatal period and evaluated thalamic changes 4 months later.

  Gy exposures, ii) progressive weight loss and associated clinical symptoms after17 and25 Gy hBB irradiation, iii) acute death after ≥ 680 Gy MRT peak dose, iv) absence of major clinical symptoms up to17 Gy MRT valley dose.A major difference between hospital broad beam and MRT exposures was the progressive deterioration of hBB treated rats, in particular concerning weight loss after doses starting off 13 Gy until 10 months p.i., but clinical symptoms requiring veterinary interventions were mainly seen after 17 and 25 Gy hBB exposures. Such interventions concerned principally supplementary food supply and dental care as protracted courses of weight loss entailed lowered abrasion of the incisors (186, 220), contrary to MRT exposed rats. The prolonged weight loss of hBB treated animals is likely connected to the irradiation configuration, i.e. a dorsoventral beam trajectory that included the bucco-pharyngeal tract in the irradiation field.As shown before, there might have been radiation-induced oropharyngeal mucositis, salivary gland atrophy and dysphagia (220). Similarly, the laryngo-tracheal tract also received the total irradiation dose, which may have caused the respiratory troubles that we saw in the pre-active phase of dying. Indeed, chronic laryngeal edema can evolve after radiotherapy to the head and neck region, and combined with constriction of the vocal cord muscles may induce glottis narrowing and severe airway obstruction (221). Yet, it is uncertain if these extracranial symptoms induced death in hBB treated animals. Forbes et al. have proposed that radiation effects (after 40 Gy of fractionated WBRT) on the pituitary gland engenders a reduction of growth hormone concentration and entails systemic consequences on animal health such as reduced body weight, in particular in rats irradiated at young adult age (222). We did not measure hormone levels and can therefore not confirm this hypothesis, however, similar systemic effects may have played a role. Surprisingly, only few neurological signs were seen (only in 2 out of 6 rats in the hBB25 group, similar to the MRT25 group). In addition, no severe tissue damage was detected in hBB treated brains, thus, the reasons why rats degraded in well-being until euthanasia or death after25 Gy of hospital BB irradiation remain elusive. These findings also raise the question in how far the different irradiation modalities may be associated with contrasting local (bystander) and distant (abscopal) effects on minimally irradiated cells. Indeed, cells that are directly exposed to ionizing radiation can elicit negative or positive effects on neighboring, non-targeted cells via cell-cell communication, or on distant organs via soluble factors or immune system activation (223). Such effects are important to consider regarding the negative outcome that they may entail, e.g. DNA damage, altered gene expression and apoptosis of non-targeted cells, which may have been induced after hBB irradiation in our experiment. Although the exact mechanisms of such effects as well as adaptive responses after MRT exposures (224, 225), and when comparing MRT with similar BB irradiations (226, 227), have only marginally been characterized, it has been suggested that the heterogeneous microscopic dose distribution used in MRT may trigger beneficial effects on and protective responses of cells situated in the valley regions. They may act on vascular recovery and the stimulation of glial progenitor cells to migrate into damaged peak regions and differentiate into mature glial cells, leading to the restoration of the normal tissue homeostasis and to the mitigation of damaging effects after MRT (146).

  de la MRT sur les tissus sains, décrivant les changements comportementaux et tissulaires chez des rats sains après des expositions cérébrales focales. Nous avons étudié les aspects de préservation des tissus sains après exposition à une dose vallée MRT cumulée constante en utilisant plusieurs ports d'irradiation (2 et 5 ports), ce qui a permis une diminution proportionnelle de la dose par port. Ces résultats ont été comparés à la thérapie à faisceau large généré au synchrotron. Des dommages vasculaires ont été observés en IRM et en histologie dans les régions de croisement de faisceaux qui ont été ciblées via plusieurs ports MRT. Cependant, aucune altération tissulaire n'a été observée dans les tissus sains controlatéraux, irradiés unidirectionnellement. Bien que la MRT a induit une hyperactivité des rats, la survie des animaux ne différait pas de manière significative. Nous pouvons affirmer que la MRT, délivrée par des incidences multiples, permet la préservation des tissus sains autour de la cible et présente un protocole sécure pour le traitement de tumeurs cérébrales.

  option and the field size-associated adverse effects can thus be minimized. In fact, irradiation protocols used in MRT can be conformally adapted to the size of the pathologic lesion in larger animals (231).Past studies have shown that normal brain tissue is eminently tolerant to MRT (115, 149); cell loss is confined to microbeam paths without disruption of mature vasculature, maintaining the continuous perfusion of normal tissues(144, 194, 232). To date, all preclinical MRT experiments on tumor models have investigated the effects of 1 single or 2 crossing orthogonal irradiation ports (or beam trajectories, cf.

Figure 2 .

 2 28-C).The influence of adjustable irradiation parameters (dose, microbeam width, spacing, etc.) have been studied and differential responses between tumor control and normal tissue sparing have been found (117, 118, 120, 147). However, one critical parameter, namely the number of ports, has never been systematically investigated until now.Contrary to the use of intersecting microplanar beams restricted to two crossing arrays, microbeams have been tested in a so-called interlaced protocol (233). In this case, successive exposures of a target to multiple ports (up to 4, cf.
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 22 Figure 2.28 Interlaced versus intersected MRT configurations and set-up. A -Schematic 4-port-configuration of interlacing microbeam arrays, creating a beam-crossing region of quasi-homogeneous high dose delivery. B -A complex set-up is necessary for interlaced MRT, including a rotational head-frame installed on the kappa-type goniometer, so that the microbeam array (red line) can be angled at 45° as shown here. C -In contrast, two orthogonally intersecting MRT arrays (right panel) are delivered by rotations in the horizontal plane; the animal is irradiated in a prone position without rigid head fixation that might interfere with the incident beam. Schematic illustrations extracted in A and B from Ref. [235] and in C from Ref. [122].

  2.2.2.2.1.2. Synchrotron microbeam radiation parameters and dosimetry Multidirectional MRT was delivered, either through 2 (MRT2) or 5 (MRT5) irradiation ports, to normal rats (n=7 and 8, respectively, see Figure 2.29). The general set-up and the orthogonal, crossed beam trajectory corresponded to the crossed BB irradiation. In contrast, the 5-port irradiation geometry was achieved by horizontally rotating the animal 5 times around its dorso-ventral axis in steps of 36° (see Figure 2.30, right, and 3.1.2.3.1.2). The deposited doses (MRT peak / valley dose) amounted to either 2 x 376 / 5 Gy (i.e. 752 / 10 Gy in the target) for the MRT2 configuration, or 5 x 137 / 2 Gy (i. e. 685 / 10 Gy in the target) for the MRT5 configuration. 23 Each array consisted of 19 microbeams and the field dimensions corresponded to the BB field size (8x8 mm 2 , first and last microbeam at 0.2 and 7.8 mm of the field width). The beam characteristics that were chosen for all the MRT experiments in this thesis (50 µm width, 400 µm spacing) were once again applied. The beam trajectories, organs at risk (e.g. cerebellum, medulla oblongata, corpus callosum, olfactory bulb, eyes) and the right target and left contralateral caudate nucleus were drafted in Isogray on superimposed CT scans and T2-weighted MR images. Radiation doses were calculated using the hybrid algorithm developed by Donzelli et al. (142) and radiochromic films were used to verify the individual irradiation geometries. For illustration, these films were read out using a highresolution scanner (Epson Perfection V750 Pro) at 4800 dpi (dots per inch).

Figure 2 .

 2 Figure 2.29 Irradiation parameters and group sizes (n) for normal rat studies after multiple port irradiation. The broad beam (BB) dose was delivered through 2 orthogonal 8x8 mm² beams (BB2, 2x5 Gy), while MRT (19 microbeams, 50 µm width, 400 µm spacing) was delivered through 2 or 5 isocentric arrays intersecting in the right caudate nucleus (MRT2 / MRT5, peak dose 2x376 Gy or 5x137 Gy, valley dose 2x5 Gy or 5x2 Gy at target). Ctrl: untreated control animals.

Figure 2 .

 2 Figure 2.30 Geometries for multiport irradiation of normal rat brains. Two groups of normal rats were irradiated through 2 orthogonal beams (left): crossed BB (BB2) or crossed MRT (MRT2). A further treatment group was exposed to 5 isocentric MRT arrays (MRT5) intersecting in the right caudate nucleus (right).

  5, 2, 6 and 12 months post exposure. Behavioral patterns of unirradiated normal control rats (n=10) served as a reference for the tested parameters. Testing was conducted on 5 consecutive days and it included a three-day series of motor function and coordination test (Rotarod), one day of open-field (OF) testing and one day assigned to the novel object recognition (NOR) tasks. Contrary to this chronologic order, the testing methods and results are here presented beginning with general ambulation (OF) and motricity (Rotarod) before elaborating memory capacity (NOR). Test preparation involved handling of animals for at least one week before test begin by the person in charge of conducting the test. All tests were conducted between 8 a.m. and 8 p.m. and the daily test starts were separated by 24 hours. Scores of all animals

  3.1.3 for explanations on the slightly modified protocol). Memory function was evaluated by calculating the difference between exploration time of the novel object (NO) and the familiar object (FO): NO investigation = NO(s) -FO(s),

  delivered 10 Gy broad beam (BB) dose or 10 Gy cumulated MRT valley dose through 2 (MRT2) or 5 (MRT5) incidences to the target at approximately 7 mm depth in the brain. Radiation-sensitive films, depicted in Figure 2.31-A (top), were exposed to irradiations simultaneously to animal exposure in order to verify the geometries. Valley-dose maps were computed in a specific software (MRT viewer) (Figure 2.31-A, bottom) and dose-volume histograms for BB and MRT doses deposited in the entire brain were calculated (see Figure 2.31-B). In order to enable comparisons between MRT and BB modes, we arbitrarily fixed the upper limit of cumulated valley dose at 10 Gy for the two MRT configurations; this led to a mean valley dose in the targeted right caudate nucleus of 9.35 Gy [8.6 -10 Gy]. Using the crossed BB geometry (BB2), approximately 20% of whole-brain volume were spared from radiation (<0.5 Gy, cf.
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 22 Figure 2.31 Irradiation configurations and dose distribution for normal male Fischer rats. A -Top: Radiochromic films irradiated in broad beam (BB) or MRT mode. Bottom: valley-dose maps computed on IsoGray for 9L bearing rats. BB was delivered through 2 orthogonal beams (BB2, 90° rotation), while the MRT design was composed of 2 or 5 isocentric arrays intersecting in the right caudate nucleus (90° and 36° rotations for MRT2 / 5). B -Whole-brain dose-volume histograms (DVH) computed for BB and 2 or 5 MRT ports for a similar cumulated dose at the target (10 Gy). MRT doses were plotted as the cumulated valley dose and the maximum peak dose (cumulated intersecting microbeam doses) deposited in a 0.98x0.98x1.25 mm 3 CT voxel. BB group: black; MRT 2 ports: light green; MRT 5 ports: dark green, applicable to all following figures.

Figure 2 .

 2 Figure2.31-B, right graph, light green line); ~20% of spared brain volume were followed by twice ~40% of volume receiving up to ~370 Gy and ~750 Gy delivered either uni-or bidirectionally.24 In contrast, this step-wise dose increase could not be detected for MRT valley dose distributions, as valley doses diffused outside of the delineated irradiation field, leading to a gradual dose decline/incline (Figure2.31-B, left graph, green lines). Due to this diffusion of dose spreading from the peak into the valley regions, the edges of the irradiation field in the crossed MRT configuration were less sharp than in the crossed BB protocol (cf. Figure 2.31-A, bottom). Similarly, the steps corresponding to MRT peak doses in the individual arrays of the MRT5 geometry were less distinguishable than those of the MRT2 configuration (Figure 2.31-B, right graph, dark green line).
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 232 B shows that MRT5 treated animals displayed significant relative weight gain from T-1 until the end of the study (p<0.0001 for relative MRT5 mean group weight at T-1 versus T337), whereas the relative weight gain of the MRT2 group was not significant throughout the study (p>0.999 for relative MRT2 mean group weight at T-1 versus every other time point from T21 onwards). The BB group, in contrast, reached the same weight plateau as controls, increasing their weight from 84 ± 2% to 100 ± 1% of mean control weights from beginning to end of the study (p<0.0001 for relative BB mean group weight at T-1 versus T337).

Figure 2 .

 2 Figure 2.32 Normal rat survival and weight evolution throughout one year after multiport MRT.A -Absolute weight measurements, or Brelative weights (percentage of mean control weights), revealed consistently lower body weights after MRT, in particular delivered through 5 ports, whereas crossed BB (BB2) irradiated rats recovered to the same level as controls (Ctrl) at 12 months post exposure. Note the uneven distribution of animals based on their body weight on the day of irradiation. Thus, all MRT treated rats gained weight proportionally to controls. C -Kaplan Meier survival curves of normal rats in function of days after irradiation through 2 or 5 MRT ports, and compared with BB2 irradiation and untreated control rats did not show significant differences (2 MRT5 irradiated rats died at 11 and 12 months p.i., p=0.1 vs. Ctrl, Log-rank test). Data are plotted as mean ± SEM for relative weights and ± SD for absolute weights. Significance was determined using two-way ANOVA test for p<0.05, and noted for the pre-treatment weight versus weight at the end of the study as ns MRT2 vs. MRT2, +MRT5 vs. MRT5, §BB vs. BB.

Figure

  Figure 2.32-C shows normal rat survival after MRT2, MRT5 or BB2, compared with

Figure 2 .

 2 Figure 2.33 Representation of travel paths in the open field test revealed differences in ambulation.Representative open field walking tracks at 0.5 and 12 months (0.5m, 12m) after crossed BB (BB2) irradiation or MRT through 2 and 5 ports (MRT2 / 5), compared with untreated control (Ctrl) rats. An agedependent decline in locomotor activity was seen in all animals. In contrast, tracks obtained in the short and long term after MRT, in particular after MRT5, showed longer distances in the whole-field zone (outer black square), and increased crossings of the center zone (inner black square), while control rats were increasingly reluctant to enter the exposed center area. Green traces show small movements (5-8 cm/s) and red traces represent large movements (>8 cm/s). Immobility of the animal is shown as black dots.

Figure 2 .

 2 Figure 2.34 Multiple MRT irradiation modified normal rat ambulation in the open field test. A -Distance walked in the whole field (WF) during the open field (OF) test at 0.5, 2, 6 and 12 months post irradiation. Ambulation was initially significantly increased after MRT5 compared with controls, but all irradiated animals showed decrease in walking distance over time, approaching control values.B -Immobility time showed lower scores after MRT, but differences were not significant from controls. C -OF center distance revealed higher scores after MRT5 at 2 weeks p.i., compared with BB irradiated and control rats, however, scores from 4 weeks onwards were similar between all groups. D -In contrast, the ratio of time spent in the center zone per 20 minutes test period increased significantly after MRT2 and MRT5 in the long term after irradiation, compared with BB treated and control rats. E -Defecation levels of irradiated rats were decreased compared with untreated rats. F -The distance walked per 20 seconds time frames, in relation to the total distance walked in 20 minutes, showed that all animals explored the chamber preferentially in the beginning, revealing equal habituation among all groups. Data are plotted as mean ± SEM. Significance was determined using two-way ANOVA test for p<0.05, and noted as *Ctrl vs. MRT5, ^Ctrl vs. MRT2, #BB vs. MRT5, ¶BB vs. MRT2, +MRT5 vs. MRT5 at 0.5 months, °MRT2 vs. MRT2 at 0.5 months, §BB vs. BB at 0.5 months, £BB vs. BB at 2 months.

Figure 2 .

 2 Figure 2.35 Multiple MRT irradiation preserved motor abilities and motor learning.Walking time on a turning cylinder (Rotarod) obtained one week before (pre) and 0.5, 1, 2, 4, 6 and 12 months after irradiation for control and treated animals. Moderately increased scores were observed 2 and 4 weeks after MRT5 but walking time decreased in all irradiated rats over time, approaching control values. Data are plotted as mean ± SEM. Significance was determined using two-way ANOVA test for p<0.05, and noted as *Ctrl vs. Ctrl, +MRT5 vs. MRT5 at 0.5 months, ^MRT5 vs. MRT5 at 1 month, °MRT2 vs. MRT2 at 2 months, §BB vs. BB at 0.5 months, ¶BB vs. BB at 1 month.
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 2 Figure 2.37 did not reveal signal enhancement after intraperitoneal injection of the

Figure 2 .

 2 Figure 2.36 Multiple MRT irradiation did not induce major deficits in NOR task performance.Novel object recognition (NOR), expressed as the difference between time spent investigating the novel and the familiar object, seen in control and irradiated rats at 0.5, 2, 6 and 12 months after irradiation. Despite lower scores of MRT irradiated animals, differences were not significant from controls and similar NOR capacity was observed at 12 months p.i. between all groups. Data are plotted as mean ± SEM. Significance was determined using two-way ANOVA test for p<0.05, and noted as +MRT5 vs. MRT5 at 0.5 months, §BB vs. BB at 0.5 months.

Figure 2 .

 2 Figure 2.37 Absence of contrast enhancement on T1-weighted MR images after irradiation. Representative T1-weighted MR images acquired after BB2 (at 2 months) and after MRT2 and MRT5 (at 2 and 6 months). No signal enhancement of the contrast agent could be detected in irradiated brain tissues.

Figure 2 .

 2 Figure 2.38 Multiple MRT irradiation focally reduced T2-/ T2*-weighted MRI signal. Representative T2-weighted MR images acquired in normal rats 2, 6 and 12 months after BB2 and MRT2/5. Hypo-intense signal (dark vertical markings in the middle horizontal plane, white arrows) was seen in the target of MRT irradiated brains and in the contralateral hemisphere where multiple beams intersected. Two bottom rows: T2* multi gradient echo (showing hypo-signal) and water diffusion maps, acquired 1 year p.i..

Figure 2 .

 2 Figure 2.39 Quantitative characterization of tissue alterations in the irradiated whole brain, the target, thalamus and hippocampus. A -T2* fit analysis unveiled reduced values in the entire brain after MRT2/5 compared with BB2 irradiated and untreated brains. B -T2* fits were also reduced in the target (right caudate nucleus, RCN) after MRT2 and MRT5 compared with BB2 and controls and compared with the contralateral left caudate nucleus (LCN). C -Additionally, T2* fit analysis showed lower values in the right thalamus (RTh) after MRT through 5 ports compared with MRT2, BB2 and control brains and in contrast to the contralateral left thalamus (LTh) of the MRT5 group. B -In contrast, hippocampal T2* fit analysis showed no significant differences between groups. Data are plotted as mean ± SEM. Significance was determined using one-and two-way ANOVA tests for p<0.05, and noted as *Ctrl vs. MRT5, #BB vs. MRT5, ^Ctrl vs. MRT2, ¶BB vs. MRT2, +MRT5 vs. MRT5, °MRT2 vs. MRT2, £MRT5 vs. MRT2, §BB vs. all other groups.

Figure 2 .

 2 Figure 2.40 Quantitative characterization of changed water diffusion in the irradiated whole brain, the target, thalamus and hippocampus. A -Apparent diffusion coefficients (ADC) demonstrated lower whole-brain values after BB irradiation, but unchanged values were found after MRT2 and MRT5. B -No ADC value differences were seen in the target and contralateral caudate nucleus (right / left CN). C -In contrast, higher values were observed in the right thalamus (RTh) after MRT2 versus controls. B -In addition, ADC values in the right hippocampus (RHc) were significantly higher after MRT5 than in the contralateral left hippocampus (LHc) of the same group. Data are plotted as mean ± SEM. Significance was determined using one-and two-way ANOVA tests for p<0.05, and noted as *Ctrl vs. MRT5, #BB vs. MRT5, ^Ctrl vs. MRT2, ¶BB vs. MRT2, +MRT5 vs. MRT5, °MRT2 vs. MRT2, £MRT5 vs. MRT2, §BB vs. all other groups.

Figure 2 .

 2 Figure 2.41 Absence of contralateral tissue alterations in anatomically and immuno-labeled brain sections sampled 12 months after irradiation of normal rats. No histopathologic alterations were seen in contralateral areas where the deposited dose was subdivided in single-beam trajectories (5 Gy BB dose, 5 / 376 Gy MRT2 valley / peak dose, 2 / 137 Gy MRT5 valley / peak dose). Qualitative analysis revealed same reactivities for: hematoxylin-eosin staining (A), Collagen-IV, RECA, Glut-1 immunolabeling (B), CD68-reactivity (C), Olig2 staining (D) and NeuN-GFAP duallabeling (E).Same results between groups were obtained for quantitative analysis of total cell density (F) and number of blood vessels (G), while the density of CD68-positive cells (H) increased slightly after multiport MRT. In contrast, same oligodendrocyte (I) and neuronal cell counts (J) were found in all groups. Data are plotted as mean ± SEM. Grey: controls; black: BB2; light green: MRT2; dark green: MRT5.

  unidirectionally irradiated hemisphere still revealed stripes in the MRT2 configuration, the pattern of the MRT5 geometry was not detectable at one year p.i.. Histologic sections revealed otherwise intact tissue micro-structure; no microcalcifications were observed in both MRT groups (Figure2.41-A). Importantly, neither florid necrotic foci of the gray or white substance, or of blood vessels, nor astrocytosis or gliosis were seen. Remarkably, all of the applied immunomarkers had same reactivities as the non-irradiated control group, indicating preserved micro-vasculature (Figure2.41-B), moderate influx of macrophages (Figure 2.41-C), unchanged oligodendrocyte density (Figure 2.41-D), as well as maintained neuronal density and astrocyte integrity (Figure 2.41-E). Immunofluorescent brain sections served for quantitative analysis of cell populations or vascular parameters. We found that total cell densities did not change after any of the irradiation configurations (Figure 2.41-F) and neither BB nor MRT modified the number of blood vessels (e.g. 280.6 ± 8 Ctrl vs. 281 ± 15 MRT5, Figure 2.41-G). A limited increase in macrophage density (61 ± 6 Ctrl vs. 115.5 ± 10 MRT2 and vs. 116 ± 25 MRT5, p=0.124, Figure 2.41-H) was reported after multiport MRT, while oligodendrocyte and neuronal cell counts remained similar in all groups (e.g. Ctrl vs. MRT5 p=0.51 for neurons and p=0.999 for oligodendrocytes, Figure 2.41-I and Figure 2.41-J, respectively).

  and 685 Gy MRT peak doses after MRT2 and MRT5, respectively, resulting in 10 Gy cumulated valley dose). General observations of horizontal, hematoxylin-eosin stained sections included measuring the laterolateral (L-L) brain distance between the left-and right-most poles where the axial diameter appeared the largest. This distance revealed that MRT2 and MRT5 irradiated brains were significantly diminished in size compared with BB treated and untreated control brains (p<0.002 vs. BB, p<0.0001 vs. control, Figure 2.42). In contrast, histopathologic changes after

Figure 2 .

 2 Figure 2.42 Brain measurements in normal brain tissues after radiation exposures. Measures of the latero-lateral (L-L) brain distance between the left and right outermost poles. MRT induced significantly smaller brain sizes compared with BB treated and untreated control brains. Data are plotted as mean ± SEM. Significance was determined using one-way ANOVA for p<0.05, and noted as *Ctrl vs. MRT5, #BB vs. MRT5, ^Ctrl vs. MRT2, ¶BB vs. MRT2.

Figure 2 .

 2 Figure 2.43 Pathology and immuno-labeling revealed tissue alterations 12 months after irradiation of normal rat brain in center of the irradiation field. Cumulative doses: BB 10 Gy; MRT2 10 / 752 Gy (valley / peak); MRT5 10 / 685 Gy (valley / peak). Hematoxylin-eosin staining (A) showed no obvious difference after BB irradiation from control tissue, whereas MRT2 and MRT5 irradiated brains presented microbeam tracks and microcalcifications. Collagen-IV, RECA-and Glut-1 immuno-staining (B) indicated partial hypo-vascularity in MRT irradiated targets. Macrophage infiltration in multiport MRT cross-sections was depicted in CD68 stained images (C). Similarly, microglia density (CD11b-positive cells, D) increased. NeuN-immunoreactivity was reduced in the target after MRT irradiation, while that of GFAP moderately increased (E).

Figure 2 .

 2 43-A). They were frequently associated with residual microvascular structures; thickened Virchow-Robin spaces with increased collagen accumulation and a calcified center of microvessels characterized these distinctive tissue alterations. They were generally located in right-sided cortical areas of the frontal lobe, i.e. parts of the olfactory nuclei and the orbital and infralimbic cortices, as well as regions within the motor and somatosensory cortices. Additionally, the caudate nucleus and the thalamus (from paraventricular via mediodorsal to posterior nuclei) of the right hemisphere were affected. These microcalcifications sparsely spread out, yet less frequently, in the orbital and infralimbic cortices and mediodorsal thalamic nuclei of the left hemisphere. Estimated counts of these microcalcifications are given in Figure 2.44-A and Figure 2.44-B, either as the total sum or as counted foci per specific brain region, respectively. MRT5 irradiated brains displayed significantly more calcified foci than MRT2 treated tissues (p<0.007, Figure 2.44-A). More specifically, the right caudate nucleus and right frontal cortex were in particular affected and again, microcalcifications appeared in higher numbers after MRT5 than MRT2 in these areas (p<0.02, Figure 2.44-B). Lower counts were obtained in other brain regions, such as the right-

Figure 2 .

 2 Figure 2.44 Brain measurements and calcifications in normal brain tissues after multiport MRT. A -Estimated counts of calcified foci in the brains of MRT2 and MRT5 irradiated rats. In general, MRT5 induced more numerous calcified foci than MRT2. B -More specifically, microcalcifications appeared most frequently in the right (R) caudate nucleus and right frontal cortex, in particular after MRT5. L: left; ROI: region of interest. Data are plotted as mean ± SEM. Significance was determined using an unpaired t-test or two-way ANOVA for p<0.05, and noted as £MRT5 vs. MRT2.

Figure 2 .

 2 Figure 2.45 Marked tissue alterations in right thalamic nuclei after MRT. Necrotic foci with granular hemosiderin pigment, measuring approximately 1 cm in diameter, seen in right thalamic nuclei of a MRT2-irradiated, horizontal brain section. Note its location ~0.5 mm behind the last lateral microbeam track (black arrow).

2 .

 2 Irradiation of normal rats through 2 and 5 MRT ports, centered in the right caudate nucleus and delivering 10 Gy cumulated valley dose. Adaptation: Application of a smaller irradiation field size, e.g. 5x5x5 mm 3 (= 125 mm 3 ). In addition, the entire beam-crossing area in this second adapted MRT5 protocol (MRT5-5mm-small) should be included in the 125 mm 3 volume. The same analytic approaches then allow to evaluate the consequences of the star effect and of the total irradiated volume.

-Figure 2 .

 2 Figure 2.46 Schematic summary of the discussed findings of the presented multiport MRT experiment in normal rats. The elicited side effects are weighed against the normal tissue sparing due to the dose reduction, proportional to an increasing number of MRT ports.
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 53331311 . La dose vallée cumulée a été fixée à 10 Gy pour toutes les configurations, et des expositions similaires en champ plein (BB, 10 Gy) ont été effectuées à des fins de comparaison. Deux semaines après la MRT à 5 ports, les tumeurs étaient jusqu'à 10.6 fois plus petites par rapport à la thérapie BB croisée. La survie médiane augmentait de façon exponentielle avec chaque port supplémentaire de MRT, et la dose équi-efficace entre les irradiations MRT multiport et BB augmentait d'un facteur ~ 2,5. Ces résultats mettent en évidence une amélioration majeure du rapport thérapeutique, ce qui fait de la MRT multiport une alternative sûre et efficace par rapport à la radiothérapie conventionnelle. Tumor control after multiple MRT port irradiation in a 9LGS rat model Context of study

1 .Figure 3 . 1

 131 Figure 3.1 MRT configurations used by Laissue et al., 1998, for the treatment of rat 9L gliosarcoma. 9LGS-bearing rats were exposed to either two orthogonally crossing or to a single microbeam array (25 µm width, 100 µm spacing, ~10x10 mm 2 field). Skin-entrance peak doses were either 2x625 Gy (left, 625-2 group), 2x312 Gy (middle, 312-2 group) or 625 Gy delivered in one array (right, 625-1 group). The black dot represents the tumor located in the right caudate nucleus. For the grading of histologic lesions, horizontal brain sections were divided into 4 brain quadrants (black cross).
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 32 , obtained from the European Collection of Authenticated Cell Cultures (ECACC). They were delivered in frozen condition to the L2 laboratory of the ESRF and were always manipulated in a biosafety cabinet under sterile conditions. Cells were transferred to several cryo-tubes in order to obtain a stock for subsequent studies and were stored in a dewar filled with liquid nitrogen until preparation for tumor inoculation.While many brain tumor models are nowadays available, the 9LGS cell line remains the most commonly used research subject for investigating brain tumor biology (242). Even though a standard approach is to compare radiation-responses of multiple tumor cell lines, the focus was placed in this thesis on 9L gliosarcoma in order to ensure fair comparisons in between the individual experiments. The GS-9L rat glioma cell line was originally derived from tumors induced by injections of N-nitrosomethylurea in Fischer 344 rats and since then, frozen cloned strains were carried on for generations (243). These cells have the advantage of being easily cultured and investigated in vitro and also inducing fast, exponentially growing tumors in vivo (244). Typical characteristics are spindle-shaped cell morphology with a sarcomatoid or pleomorphic appearance. The tumor margins are in general sharply demarcated (242), but invasion into the contiguous normal brain occurs (244). Previous studies have shown the presence of glial fibrillary acidic protein infiltrating the tumor margins and indicating reactive gliosis. In addition, indicators of the immunological response can be found, such as activated macrophages/microglia (245) and leukocyte infiltration (244). Neovascularization(angiogenesis) as well as alteration of pre-existing vasculature (vessel cooptation) regularly occur and necrotic areas can be observed (246). These processes are of great importance for tumor cell survival given the fact that due to the growing cell mass, the individual cells are more and more distanciated from the supplying vessels. Indeed, the main tumor body typically consists of a homogenous, solid mass of dense cellularity with high mitotic activity and significantly higher blood volume than in normal brain tissues (244, 245). Importantly, the 9L cell line constitutes a tumor model which is responsive to ionizing radiation delivering high doses, therefore partly radioresistant, which is in line with aggressive human glioblastoma (244). It is of interest to note that controversial opinions have been evoked with regards to the radiation-responsiveness of the 9LGS model. It has been stated that 9L tumors may induce intense immune responses in the host (similar to the C6 glioma model) and that radiotherapy may lead to ablation of infiltrating immune effector cells, possibly resulting in an ineffectiveness
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 32 Figure 3.2 Left: Reference image of GS-9L cells prior to cryo-preservation (reference no. 94110705, extracted from the European Collection of Authenticated Cell Cultures, ECACC). Right: Same GS-9L cells, but different batch, microphotograph taken manually from cultured cells.

  based on former protocols(118, 123, 244). Detailed procedures of tumor cell incubation and implantation can be found in 6.4.1.1 and 6.4.1.2. Briefly, 9LGS cells were incubated for approximately two weeks before implantation with regular passaging. They were cultured in flasks containing Dulbecco′s modified Eagle′s medium (DMEM) completed with fetal bovine serum and penicillin-streptomycin antibiotics at 37°C in a humidified 95 % air and 5 % CO2 atmosphere. On the day of implantation, a suspension of 10 million cells/ml DMEM without serum and antibiotics was used. During the stereotactic surgical procedure, 1 μl of cell suspension containing 10 4 9L cells was injected into the right caudate nucleus, i.e. 3.5 mm to the right of bregma and 5.5 mm deep in the brain. Time elapsed after implantation is noted as: Dn (n days post implantation).
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 3333 Figure 3.3 Irradiation parameters and group sizes (n) for 9L tumor control after multiple port irradiation. The broad beam (BB) dose was delivered through 2 orthogonal 8x8 mm² beams (BB2, 2x5 Gy), while MRT (19 microbeams, 50 µm width, 400 µm spacing) was delivered through 1 to 5 isocentric arrays intersecting in the tumor (MRT1 to MRT5, peak dose from 1x726 Gy to 5x137 Gy, valley dose from 1x10 Gy to 5x2 Gy at target). A reference BB tumor-dose-response curve was established by delivering 0 (Control), 4, 10, 16, 22 and 35 Gy through 2 BB ports. A 5-port BB exposure (BB5, 5x2 Gy) completed the experimental design for fair comparison with 5 MRT ports.

  All irradiation configurations were designed in Isogray on CT scans and MR images, and the tumor as well as exposed brain structures and organs were contoured. Dosimetrical measurements were performed as described in 2.1.2.2.2 and (142), and radiochromic films were exposed and scanned to illustrate the expected irradiation configurations. Time elapsed after irradiation is noted as: Tn (n days post irradiation, p.i.).

low irradiation doses ( 1 , 2 and 5

 15 Gy cumulated MRT valley dose, in addition to the results obtained from 10 Gy exposures, for group sizes see Figure 3.5). All of the other irradiation parameters were as described above. Following configurations were applied: MRT2 low: two exposures, after 90° rotation, delivered a) 2 x 37.6 / 0.5 Gy, b) 2 x 75.2 / 1 Gy and c) 2 x 188 / 2.5 Gy MRT peak / valley dose (cumulated peak dose: a) 75 Gy, b) 150 Gy, c) 376 Gy);
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 34 Figure 3.4 Design of the 5 port geometry in the treatment planning system in ISOgray TM DOSIsoft, with axial, horizontal and sagittal view of organs at risk, the tumor, the irradiation field and individual irradiation beams, reconstructed as 3D images.

Figure 3 . 5

 35 Figure 3.5 Irradiation parameters and group sizes (n) for 9L tumor control after low-dose multiple port irradiation. MRT (19 microbeams, 50 µm width, 400 µm spacing) was delivered through 2 or 5 isocentric arrays intersecting in the tumor (MRT2 / 5, cumulated valley doses of 1, 2, 5 and 10 Gy). Results were compared to the reference BB tumor-dose-response curve (0 -Ctrl; 4, 10, 16, 22 and 35 Gy delivered through 2 BB ports).

7 and 14

 14 days p.i. (n=4 rats/subgroup used for histologic colorations) were also imaged at T7 and T14.34 Using Paravision 6.0.1, fast T2-weighted Turbo RARE images were acquired in axial planes at T-1 and T7 for tumor evolution in the survival study. The set-up and sequence parameters were as detailed in 2.2.2.4.2. On T14 and T21, T1-weighted images after gadolinium-DOTA injection were scheduled (in addition to T2-weighted images) as edema began to form, masking the tumor signal.35 The echo time (TE) and repetition time (TR) of radio frequency pulses were 6.5 ms TE and 1200 ms TR for T1-weighted images and 36 ms TE and 2200 ms TR for T2-weighted images. Tumors could easily be delineated at T-1 and T7 as hyper-intense areas on T2-weighted images and at T14 and T21 distinction from edema was possible on T1-weighted images where hyper-intense, gadolinium-enriched areas could be attributed to tumor tissue. Tumor volumes were then measured in ImageJ® by contouring the hyper-intense areas on every corresponding MRI slice, multiplied by the slice thickness (1 mm).

  the BB dose that corresponded to tumor control reached with 1 to 5 MRT ports depositing a maximal cumulated valley dose of 10 Gy in the tumor. In a second step, the MRT valley dose, delivered through either 2 or 5 ports, which corresponded to the efficacy of 4, 10, 16, 22 or 35 Gy BB dose was determined. In a third step, the median survival times (MST) after multiport MRT were set in relation to the MST reached after BB irradiation and again, equivalence between 10 Gy MRT valley dose delivered through multiple ports and the corresponding BB dose could be calculated. Those three steps are detailed with more precision in 6.4.1.3.

Figure 3 . 6

 36 Figure 3.6 Irradiation configurations and dose distribution for 9L tumor-bearing rats. A -Top: Radiochromic films irradiated in broad beam (BB) or MRT mode. Bottom: valley-dose maps computed on IsoGray for 9L bearing rats. BB was delivered through 2 orthogonal beams (BB2, 90° rotation), while the MRT design was composed of 1 to 5 isocentric arrays intersecting in the tumor (0°, 90°, 60°, 45°, 36° rotations for MRT1 -2 -3 -4 -5). B -Whole-brain dose-volume histograms (DVH) computed for BB and 1 to 5 MRT ports, and tumor DVH for BB, 2 and 5 MRT ports for a similar cumulated dose in the target (10 Gy). MRT doses were plotted as the cumulated valley dose and the maximum peak dose (cumulated intersecting microbeam doses) deposited in a 0.98x0.98x1.25 mm 3 CT voxel. BB group: black; MRT 1 port: blue; MRT 2 ports: light green; MRT 3 ports: mid grey; MRT 4 ports: dark grey; MRT 5 ports: dark green.

Figure 3 . 6 - 2 . 2 . 3 . 1 ,

 362231 Figure 3.6-B reports dose-volume histograms of absorbed BB and MRT valley doses on the left side, and the related MRT peak doses on the right side. We investigated the dose delivered to the whole brain (dashed lines) or the tumor (solid lines). In accordance with dosimetrical observations made in the corresponding normal tissue study and explained in 2.2.3.1, Figure 3.6-B shows the characteristic step-wise dose incline delivered to the whole brain in the crossed BB geometry (black) and a similar curve of MRT peak doses in the MRT2configuration (light green). In contrast, whole-brain valley doses in all of the applied geometries increased gradually until reaching the desired 10 Gy, as diffusion concealed the step-wise dose incline. Similarly, the peak dose "steps" faded when delivering MRT doses through more than 2 incidences.

5

  Gy in MRT2 and MRT5 mode in order to investigate geometrical effects of multiport MRT in function of increasing doses. Dose-volume histograms (Figure 3.7-B) trace the dose distribution in the tumor for each dose group and in the entire brain for 5 Gy valley dose delivered through 2 and 5 MRT ports. The results confirmed once again the already mentioned observations: step-wise increasing whole-brain MRT peak dose in the MRT2 (5 Gy valley dose) configuration (dashed line on the right side); otherwise gradual increasing MRT valley and peak doses (e.g. 5 ports -5 Gy, black line); correct delivery of the desired MRT peak and valley dose to 100% of the tumor volume.

Figure 3 . 8

 38 Figure 3.8 Characteristic 9L dose-volume response after BB exposures. Volumes of 9L gliomas, measured on MR images at days 7, 14 and 21 after BB (dose range 0-35 Gy), show non-linear tumor-dose-response, characterized by quasi-exponential tumor control with increasing dose and complete tumor ablation after 22 Gy (2 out of 5 rats) and 35 Gy (4 out of 5 rats). Data are plotted as mean ± SEM. Significance was determined using unpaired t-tests for p<0.05, and noted as *0Gy vs. all treatment groups, ^BB 4Gy vs. BB 16/22/35Gy, xBB 4Gy vs. BB 10/22/35Gy, ¶BB 10Gy vs. BB 16/22/35Gy, §BB 16Gy vs. BB 35Gy, £BB 22Gy vs. BB 35Gy.

Figure 3 . 9

 39 Figure 3.9 Non-linear dose-volume response in 9L tumors after crossed broad beam irradiations. Representative T2-weighted MR images acquired in 9L-bearing rats 7, 14, 21 days and 4 and 11 months after broad beam irradiation with 4, 10, 16, 22 and 35 Gy (Ctrl: untreated control tumor). Note that the signal enhancement on the 35 Gy-image at T332 is due to sterile abscess formation as a long-term radiation consequence and not due to tumor relapse (cf. hyper-intense tumor signal on the other images). N.A.: not applicable.

Figure 3 .

 3 Figure 3.12 and Figure 3.13 show MR images and the corresponding analysis of tumor volumes acquired 7 and 14 days after MRT2 or MRT5 (cumulated valley dose of 1, 2 and 5 Gy). Even at low MRT doses, all but the MRT2 -1 Gy group increased tumor control significantly compared with untreated control rats (p<0.008 at T7). However, these low MRT doses did not reveal the exponential gain of treatment efficacy with additional MRT ports as described above (p=0.4, p=0.8 and p=0.8 for 1 vs. 1 Gy, 2 vs. 2 Gy and 5 vs. 5 Gy delivered through 2 and 5 MRT ports). Yet, a dose-volume 9L response was observed for MRT5

Figure 3 .

 3 Figure 3.11 Improved 9L tumor control with multiport MRT. Volumes of 9L gliomas were measured on MR images at 7, 14 and 21 days after microbeam irradiations (10 Gy, 1 to 5 ports) and were compared to 10 Gy crossed BB therapy (BB2, solid black). Tumor growth control improved non-linearly with increasing number of MRT ports. Control: dashed black; MRT 1 port: blue; MRT 2 ports: light green; MRT 3 ports: mid grey; MRT 4 ports: dark grey; MRT 5 ports: dark green. Data are plotted as mean ± SEM. Significance was determined using unpaired t-tests for p<0.05, and noted as *0Gy vs. all treatment groups, #BB2 vs. all MRT groups, °MRT4 vs. MRT1/2/3, +MRT5 vs. MRT1/2/3.

Figure 3 .

 3 Figure 3.13 9L tumor control with low multiport MRT valley doses. 9L tumor volumes measured on MR images 7 days after irradiation for BB (4, 10, 16, 22 and 35 Gy, cf. reference curve at T7 in Figure 3.9) and MRT irradiations through 2 or 5 ports (1, 2, 5 and 10 Gy). Even at low MRT doses, all but the MRT2 -1 Gy group increased tumor control significantly compared with untreated control rats, however, no exponential gain of treatment efficacy with additional MRT ports could be reached with MRT valley doses ≤ 5 Gy. Nevertheless, MRT5 -5 Gy significantly reduced tumor growth compared with 1 and 2 Gy. Data are plotted as mean ± SEM. Significance was determined using unpaired t-tests for p<0.05, and noted as *0Gy vs. all treatment groups except MRT2-1Gy, °MRT2-10Gy vs. MRT2-1/2Gy, §MRT5-5Gy vs. MRT5-1/2Gy, +MRT5-10Gy vs. MRT5-1/2/5Gy.

Figure 3 .

 3 Figure 3.12 Irradiation efficiency on brain tumor control improved by increasing the number of MRT ports and the total cumulated valley doses. Representative T2-weighted MR images acquired in 9Lbearing rats on day 7 and 14 after MRT through 2 and 5 ports, depositing 1, 2 and 5 Gy. Out of all low-dose MRT groups, 5 Gy cumulated valley dose delivered through 5 ports resulted in the least voluminous tumors. However, no significant tumor control gain was reached by delivering low MRT doses through 5, compared with 2 ports.
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 5353315 Figure 3.14 Relationship between the number of MRT ports and equi-effective BB irradiation doses. A -MRT / BB equivalence doses: Tumor volumes obtained at 14 (left) and 21 days (right) after irradiation were positioned on the reference 9L tumor-response curve (black line / squares) for MRT1 to MRT5 (the number of MRT ports was reported on the right y-axis). B -BB dose equivalences derived from A-for 1 to 5 MRT ports at 14 and 21 days post irradiation and mean equivalences calculated between T14 and T21. BB group: back squares; MRT 1 port: blue; MRT 2 ports: light green; MRT 3 ports: mid grey; MRT 4 ports: dark grey; MRT 5 ports: dark green. Data are plotted as mean ± SEM.

Figure 3 .

 3 Figure 3.15 Relationship between multiport MRT valley doses and equi-effective BB doses. A -MRT / BB equivalence doses: MRT tumor volumes (mean ± SEM) obtained on day 7 p.i. (T7) were placed on the fitted reference 9L tumor response curve (black line / squares) for MRT 2 ports (light green, left) and 5 ports (dark green, right) and the total cumulated valley doses were reported on the right y-axis. B -At T7, a 10 Gy valley dose delivered to the tumor via 2 or 5 MRT ports led to tumor control efficiencies as 16.7 Gy and 20.6 Gy BB dose, respectively.

  Meier curves of 9L bearing rats after the different irradiation configurations are shown in Figure 3.18-A. Median survival time (MST, Figure 3.18-B) revealed that crossed broad beam irradiation delivering a dose of 10 Gy (BB2, 2 ports of 5 Gy) significantly improved MST from 10.5 days (control group) to 18 days p.i. (p<0.002), while 4 Gy BB dose (2x2 Gy)

Figure 3 . 18 -

 318 B shows that increasing the number of BB ports did not change MST (i.e., 15 days after BB5 vs. 18 days after BB2, p=0.176).

Figure 3 .

 3 Figure 3.16 Relationship between BB irradiation doses and multiport MRT valley doses. A -BB / MRT equivalence doses: Total cumulated MRT valley dose prescription (for 2 and 5 ports), which would equal the tumor control efficiency of an equivalent BB dose. Data are plotted as mean ± SEM. D -Total cumulated valley dose to be prescribed to reach BB dose tumor control efficiency: to reach an effect of 35 Gy BB on 9L tumors, 17.1 and 14.6 Gy cumulated valley dose would have to be delivered by 2 or 5 MRT ports, respectively.

Figure 3 .

 3 18-A/B. Inter-group differences were derived from p values reported in Figure 3.17. Two, four and five MRT ports significantly increased MST compared with results of BB irradiation (p<0.05), while survival after irradiation with three MRT ports did not differ significantly from the one obtained with BB irradiation (p=0.088). However, this unexpected decline in survival arose from premature death cases, which affected the inter-group differences. Nevertheless, survival after irradiation with any of the MRT configuration remained clearly above MST after 10 Gy BB irradiation (e.g. MST of 26.5 days after MRT3 compared with 18 days after BB2).

Figure 3 .Figure 3 .

 33 Figure 3.18 Increase in survival of 9L-bearing rats with increasing number of MRT incidences. A -Survival curves of tumor-bearing rats obtained after BB or MRT (1 to 5 ports) for a cumulated valley dose of 10 Gy (dashed line: control). B -A non-linear correlation was seen between the number of MRT ports and median survival time (MST) of tumor-bearing rats (dashed green line: MRT fit). BB group: solid black; MRT 1 port: blue; MRT 2 ports: light green; MRT 3 ports: mid grey; MRT 4 ports: dark grey; MRT 5 ports: dark green.
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 413 allowed to determine the BB dose that would result in median survival times as were reached after multiport MRT. This extrapolation demonstrated the exponential increase in MST with increasing number of MRT ports used to deliver a 10 Gy cumulated valley dose. MST was plotted in function of number of MRT ports (see right y-axis), in order to obtain the theoretical number of ports that would improve MST corresponding to a 35 Gy BB irradiation. When assuming an exponential relation between increasing MRT ports and the corresponding BB dose, a theoretic plateau of long-term survivors could be reached at 8 MRT ports (8.22 ± 0.39 MRT ports; 95% confidence interval: 7.5 to 9.4).

Figure 3 .

 3 Figure 3.19 Relationship between BB irradiation doses and number of MRT ports for animal survival. Median survival time (MST) of 9L-bearing rats according to the delivered BB dose (dashed BB fit). By extrapolation, 8 MRT ports [7.5 -9.4 ports] delivering 10 Gy cumulated valley dose would lead to the same survival as achieved through 35 Gy BB irradiation. BB group: solid black; MRT 1 port: blue; MRT 2 ports: light green; MRT 3 ports: mid grey; MRT 4 ports: dark grey; MRT 5 ports: dark green.

. 21 -

 21 A and Figure 3.22-A), tumors in all groups showed signs of typical 9L gliosarcoma growth (cf. (244)): heterogeneous cellularity (e.g. spindle cells, large pleomorphic cells), loose interstitium with variable necrotic areas and disorganized vascular formations. Compared with untreated brains, BB irradiation reduced cellular density at 7 days and led to large fields of tumor necrosis at 14 days p.i., despite the tumor's considerable size (39.5 ± 6.2 mm 2 at T14). This was confirmed by increasing γH2AX labeling (Figure 3.21-B, Figure 3.22-B), whereas the mitotic marker Ki67 decreased in

Figure 3 .Figure 3 . 21 -

 3321 Figure 3.20 Sparse effect of low MRT doses on animal survival. Survival curves obtained after low-dose multiport MRT (2 and 5 ports; 1, 2, 5 Gy cumulated valley dose) demonstrated that 5 Gy significantly increased survival compared with controls (dashed line). MRT 2 ports: light green; MRT 5 ports: dark green. Thin, middle, thick lines: 1, 2, 5 Gy, respectively.

Figure 3 .Figure 3 .

 33 Figure 3.21 Histologic characterization of irradiation effects at 7 days after 9L tumor irradiations. Analysis of tumor lesions 7 days after crossed BB, MRT2 or MRT5 irradiations or 17 days after tumor implantation in untreated rats (control). Hematoxylin-eosin staining (A) revealed lower cell density in irradiated tumors, particularly after MRT. While γH2AX-reactivity (B) was increased, Ki67 staining (C) decreased after MRT, in particular after MRT5. Collagen-IV, RECA-1 and GLUT-1 immuno-staining (B) indicated vessel fractionation and hypoxia in MRT irradiated targets. Macrophage infiltration increased after multiport MRT as seen on CD68 stained images (C). Similarly, microglia density (CD11b-positive cells, D) increased.

3. 1 . 3 . 7 . 3 .

 1373 Quantitative analysis of immuno-labeled sections confirmed severe histopathological alterations of tumor tissue after multiport MRT BB irradiation slowed tumor growth (Figure 3.23-A), conform to significantly increased numbers of γH2AX positive cells (Ctrl vs. BB at T7 p<0.0005, Figure 3.23-B) and a reduction of Ki67 positive cells (Figure 3.23-C). Tumor blood volume fraction (BVf) was not modified by BB exposure and BVf significantly increased between T7 and T14 (p<0.02, Figure 3.23-D).

Figure 3 .Figure 3 .

 33 Figure 3.23-E) after treatment while microglial cells did not significantly infiltrate 9L tumors (Figure 3.23-F).

Figure 3 .

 3 Figure 3.23-F).

Figure 3 .

 3 Figure 3.23 Quantitative immuno-labeling characterization of irradiation effects at 7 and 14 days after 9L tumor irradiations.Quantitative analysis of immuno-labeled sections showed smaller tumors after MRT (A). In addition, the γH2AX-positive cell fraction increased (B), whereas the fraction of Ki67-positive cells (C) decreased after multiport MRT. MRT5 induced a reduction in blood volume fraction (D), in particular at 2 weeks p.i., compared with the other irradiation configurations. Additionally, invasion of CD68-positive cells (E) increased steadily after MRT5, and a delayed macrophage increase was also measured two weeks after MRT2. A similar pattern was observed for microglia invasion (CD11b-positive cell fraction, F). Data are plotted as mean ± SEM. Significance was determined using multiple t-tests for p<0.05, and noted as *Ctrl vs. MRT5, ^Ctrl vs. MRT2, §Ctrl vs. BB, #BB vs. MRT5, ¶BB vs. MRT2, +MRT5 vs. MRT5, °MRT2 vs. MRT2, £BB vs. BB, xMRT5 vs. MRT2.

Figure 3 .

 3 Figure 3.24 Preliminary survival results from an 8-port MRT experiment conducted at the Australian synchrotron.Rats were irradiated 10 days after 9LGS implantation trough 8 MRT or 8 broad beam (BB) ports, delivering a cumulated MRT valley dose or BB dose of 10 Gy. Results were compared with those obtained at the ESRF for MRT1 to MRT5 exposures, BB2 and BB5 irradiations. A clear superiority of multi-directional MRT through 8 ports was revealed, however, no long-term survival was reached. Ctrl: untreated control rats during the Australian synchrotron experiment.

Figure 3 .

 3 Figure 3.25 Exploratory treatment plan and provisional dosimetry for multi-port MRT for brain metastasis treatment of a human patient. A -Valley-and peak-dose maps to deliver a 10 Gy cumulated valley dose through 5 MRT incidences to a brain metastasis measuring 1 cm in diameter in a human patient.B -Dose-volume histograms (DVH) obtained for the whole brain (black), the planning target volume (PTV, light green) and the gross tumor volume (GTV, dark green). MRT peak "hot spots" deliver up to 300 Gy in the target, however, a maximal MRT valley dose at the skin-entrance plane of tolerable 6 Gy is respected.
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 41 Figure 4.1 gives an overview of the most pertinent findings, conclusions and perspectives.
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 41412 Figure 4.1 Summary of the most relevant results, conclusions and perspectives of this thesis.
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 61 Photon spray

6. 1 . 1 . 3 .

 113 Insertion Device 17One of the 44 beamlines at the European Synchrotron Radiation Facility (ESRF) is dedicated to biomedical research. The beamlines are named following the numeration of the corresponding magnets, in our case the insertion device 17, short ID17. It welcomes scientists from all over the world to conduct experiments on biomedical imaging, radiotherapy and radiation biology, using a variety of samples (from fixed organic samples over cultured cells to preclinical animal models) and even human patients have already been treated at ID17. A subgroup of the team "Synchrotron Radiation for Biomedicine" or STROBE INSERM UA7 has specialized its scientific focus on radiotherapeutic approaches of brain lesions using synchrotron radiation. The medical conditions include mainly glioblastomas but other domains such as epilepsy, immune responses and normal tissue sensitivity of the brain are also addressed.The general structure of a synchrotron beamline consists of three main elements. The X-ray beam first arrives in the optics cabin where it is modified, focused and customized through heat-resistant optics such as mirrors and crystals. It is then passed on to the experimental cabin, which harbors the sample set-up and radiation detectors. The sample set-up is often highly specialized, providing temperature and precise positioning adjustments, depending on the nature of the sample. Detectors are placed surrounding the sample and distributed within the experimental cabin in order to capture and measure the amount of scattered photons. The third element, called control cabin, is not traversed by the irradiation beam but serves as a platform for software-directed adjustments of beam parameters, sample positioning and monitoring via multiple cameras.

  biomedical beamline. While this energy at ID17 can range from 50 to 500 keV, a maximal intensity for microbeam radiation therapy of 83 keV is reached by filtering the beam emitted from the storage ring. The standard spectrum of photon energy created by the ID17 wiggler used for MRT experiments is shown in Figure 6.2.
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 6263 Photon flux (photons/s)
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 26216211 Normal rat study -Dose escalation of whole brain irradiation Open field test protocol6.2.1.1.1. Apparatus and test set-upThe open field (OF) test was conducted in the Viewpoint arena (ViewPoint LifeSciences, Montreal, Canada), which consisted of 4 chambers (50 x 50 x 50 cm 3 of width x length x height). The arena was made from white high-density and non-porous plastic. Installed below the wall-construct was a white infrared-light floor and fixed above the arena were two cameras to video-record each animal. Chambers were wiped with disinfecting and odor neutralizing Surfa'Safe spray (Laboratoires Anios, France) before and after testing each animal. The test was performed in the dark (no overhead light and no light passing through windows or coming from the corridor) with the exception of two light sources: a low-light lamp along one side of the room and the computer, used to start and stop video-recording, placed near the door. Noise level was kept to a minimum; the rats were habituated to common noises of facility staff work and loud and sudden noises were avoided. The animals were transported to the testing area at least 30 minutes prior to each test. They were left in their home cages, which were placed in a holding room next to the testing room until test start. At that time, they were placed in the center of the chamber, always facing the same wall. The person in charge of conducting the test stayed outside the testing room during the assessment period. The general testing environment was the same for all of the tests included in the battery.

Figure 6 . 4 .

 64 Figure 6.4. An automatic animal detection threshold was applied through identification of the nose-, tail-and center-point. Tracking started once the animal was detected for ≥ 2 seconds

Figure 6 . 4

 64 Figure 6.4 Analysis of open field ambulation in EthoVision XT. The whole-field area (OF) measured 50x50 cm 2 with a 25x25 cm 2 center zone (OF Center).

  fact, equal exploration times for the two objects in the familiarization phase are typically observed. Four hours later, one of the objects was replaced by a new object (e.g. glass bottle) and animals were tested individually for exploration of the novel object during a 10 minutes test period. Scores were manually verified to exclude incorrect nose tracking within the object zone whenever the animal's behavior could not be considered as exploration (e.g. grooming close to the objects, leaning on the object with the fore paws to reach out for general exploration of the chamber)40 . Time spent exploring the novel object was subtracted from the exploration time of the familiar object (a positive score indicated more time spent for exploration of the novel object). Indeed, preference of novel object exploration, measured by the difference in the exploration time of new and familiar objects (273, 275), has been shown in almost all normal rats in former studies (273). Effects of irradiation on object recognition function were investigated and compared between groups.
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 656215 Figure 6.5 Analysis of novel object exploration in EthoVision XT, arena design and animal detection.

Figure 6 . 6

 66 Figure 6.6 Analysis of the apparent diffusion coefficient and T2* relaxometry fits in several regions of interest selected on anatomic T2-weighted images (whole brain, hippocampus, thalamus, perirhinal cortex; not displayed: caudate nucleus and prefrontal cortex) using the Matlab toolbox MP 3 .
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 6768 Figure 6.7 Increased ambulation and center entries and lower defecation in the OF test after MRT.No significant differences in open field (OF) test parameters, i.e. walking distance (A) and time spent not moving in the whole-field arena (B), duration spent in the center zone per session (C) and OF defecation (D), were seen after hospital BB irradiation (black line), compared with control rats. In contrast, increased ambulation and decreased immobility were observed after MRT (green line), compared with hBB treated and with non-irradiated animals. MRT treated rats also spent more time in the OF center, in particular at later time points, and had lower defecation scores. Data are plotted as mean ± SEM for results obtained at 2 months (left column, 2m), 6 months (middle column, 6m) and 10 months p.i. (right column, 10m). Same characteristics apply to all following figures. Significance was determined using two-way ANOVA tests for p<0.05, and noted as °MRT vs. Ctrl, #hBB vs. MRT.

Figure 6 . 9

 69 Figure 6.9 Preserved motor capacities after radiation exposures. Results of the stepping test showed that left (A) and right (B) paw motricity and motor coordination did not differ between irradiated and untreated control rats at 2, 6 and 10 months post exposure. Data are plotted as mean ± SEM.

Figure 6 .

 6 Figure 6.10 No significantly changed novel object recognition after radiation exposures.Object exploration in the novel object (NO) recognition task did not differ significantly from controls after radiation exposures, despite slightly lower scores at 2 months p.i. for all irradiated rats. In addition, same results were obtained between the two irradiation modalities and between all dose groups. Data are plotted as mean ± SEM.

3 .Figure 6 .

 36 Figure 6.12 Differences in hippocampal and thalamic water diffusion after hospital BB therapy and MRT.ADC values obtained from left-and right-sided hippocampi (A) moderately decreased after hBB exposure and increased after MRT, in particular in the right hemisphere at 2 and 6 months p.i., leading to significant differences between the irradiation modalities. In contrast, ADC values approached the control level in the long term after irradiation. Left-and right-sided thalamic ADC values (B) showed similar, but less pronounced differences. Left column: 2 months (2m) p.i.; middle column: 6m p.i.; right column: 10m p.i.. Dark blue: right-sided hBB, light blue: left-sided hBB, dark green: right-sided MRT, light green: left-sided MRT values. Data are plotted as mean ± SEM. Significance was determined using two-way ANOVA tests for p<0.05, and noted as *hBB vs. Ctrlleft side, #hBB vs. MRTright side.
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 613 Figure 6.13 Subacute reduction of water diffusion after hBB therapy in specific brain regions.ADC values obtained from the left-and right-sided caudate nucleus (A) after hBB irradiation and MRT did not significantly differ from control values, but differences in between modalities were seen at 6 months p.i.. In contrast, ADC values in left and right perirhinal cortex (B) already decreased at 2 months after hBB therapy and differed significantly from MRT at 6 month p.i., but returned towards control levels at 10 months after irradiation. Conversely, ADC values retrieved from the irradiated prefrontal cortex (C) remained close to control values at all time points and did not differ between the irradiation modalities. Data are plotted as mean ± SEM. Significance was determined using two-way ANOVA tests for p<0.05, and noted as #hBB vs. MRTleft side, #hBB vs. MRTright side.

pFigure 6 .

 6 Figure 6.14 Marked reduction of thalamic T2* relaxation times after MRT. T2* fit values obtained from left-and right-sided hippocampi (A) remained close to control levels after hBB therapy, but were significantly reduced at 10 months after MRT. In contrast, left-and right-sided thalamic T2* values (B) were already significantly lower at 2 months after MRT and differences compared with untreated and hBB irradiated rats accentuated over time. Data are plotted as mean ± SEM. Significance was determined using two-way ANOVA tests for p<0.05, and noted as °MRT vs. Ctrlright side, °MRT vs. Ctrlleft side, #hBB vs. MRTright side, #hBB vs. MRTleft side.

Figure 6 .

 6 Figure 6.15 Reduction of T2* relaxation times after irradiation was dependent on tissue sensitivity and the delay post exposure.T2* fits obtained from the left-and right-sided caudate nucleus (A) did not differ at 2 months after exposure to both modalities, but were significantly lower at later delays after MRT, compared with controls and hBB irradiation. Interestingly, T2* fits in left and right perirhinal cortex (B) were lowered after both, MRT and hBB therapy. Significance of hBB versus controls was only reached at 2 months p.i., while later delays revealed significance for MRT versus controls. T2* fits retrieved from the irradiated prefrontal cortex (C) did not show any deviation from control values at 2 and 10 months after hBB therapy and MRT, while MRT induced significantly lower values at 6 months p.i., compared with controls. Data are plotted as mean ± SEM. Significance was determined using two-way ANOVA tests for p<0.05, and noted as *hBB vs. Ctrlright side, *hBB vs. Ctrlleft side, °MRT vs. Ctrlright side, °MRT vs. Ctrlleft side, #hBB vs. MRTright side.

Figure 6 .

 6 Figure 6.16 MRT exposures reduced brain weights and altered the microbeam spacing.A -Brain weights measured prior to cryosectioning at 10 months post irradiation. MRT irradiated brains showed significantly lower weights, compared with controls and hBB treated brains, while brain weight loss after hBB exposures did not reach significance versus controls. B -Microbeam spacing measured on hematoxylin-eosin stained brain sections, in relation to the initially collimated microbeams spaced 400 µm apart. Spacings at 10 months after MRT exposures oscillated around the baseline, falling below 400 µm after 13Gy and 25 Gy valley dose irradiation. Data are plotted as mean ± SEM. Significance was determined using two-way ANOVA tests for p<0.05, and noted as °MRT vs. Ctrl, #hBB vs. MRT, +MRT vs. MRT.

Figure 6 .

 6 Figure 6.18 Tumor-like formation found in a single case of MRT2 irradiated tissue at 12 months p.i.In the left caudate nucleus, at its caudal and lateral end, a single 1.5 mm-round focus of highly cellular, small-to medium-sized round-polymorphous nuclei was found in one MRT2 treated rat at 12 months p.i.. Left: 5-fold magnification. Right: 20-fold magnification of the central to outer part of this tumor-like structure. Right: Axial T2-weighted MRI image of the corresponding animal, displaying the round tissue alteration.
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 4641 Tumor rat study -Tumor control after multiple MRT port irradiation Material and Methods

Figure 6 . 19 )

 619 Figure 6.19) with a warm heat pad underneath their body. Secure positioning was ensured by hooking the superior incisors in a tooth bar and fastening ear bars in the external acoustic meatus without injuring the tympanic membrane. Corneal desiccation was prevented by coating the eyes with an ocular lubricant (Ocry-gel) prior to surgery.

Figure 6

 6 Figure 6.19 Left: Example of a rat stereotactic head frame, extracted from https://www.harvardapparatus.com/standard-u-frame-stereotaxic-instrument-for-rat-18-ear-bar.html. Right: 1 µL microliter Hamilton syringe, extracted from https://www.hamiltoncompany.com/laboratoryproducts/syringes/80135.

3 .

 3 The volumes obtained after MRT with cumulated valley doses of 1, 2, 5 and 10 Gy and delivered through either 2 or 5 incidences were placed on the BB curve fit through calculation of the corresponding BB dose using the same equation as stated above. The MRT valley dose was depicted on the right y-axis and we obtained equivalent BB doses, which corresponded to the tumor volumes after MRT2 or MRT5 with 4 valley doses and at 2 time points (12 eq. doses in total, 4 eq. doses missing for 1 and 2 Gy MRT valley dose at T14). 4. Similarly, the tumor dose-response curves after MRT2 and MRT5 were traced and fitted on individual graphs. 5. The tumor volumes obtained for the BB reference curve were set in relation to the fitted MRT2 and MRT5 tumor growth curves. 6. The mentioned equation was used to calculate the MRT valley doses that would have to be prescribed, either delivered through 2 or 5 ports, in order to reach the same tumor control as seen at T7 or T14 after BB irradiation with 4, 10, 16, 22 or 35 Gy (20 eq. doses in total). Step 3: Dose equivalence for MST -MRT (10 Gy valley dose) / BB equi-effective dose 1. The median survival time (MST) obtained from the reference BB irradiations with 4, 10, 16, 22 and 35 Gy were displayed inversely on the x-axis as a function of the BB dose on the yaxis.

Figure 1 .

 1 Figure 1. Multiple MRT irradiation focally reduced MRI signal and modified normal rat ambulation. (A) Irradiation geometries and valley dose maps computed on IsoGray for normal rat irradiation. BB2 was delivered as 2 orthogonal 8 × 8 mm 2 beams (2 × 5 Gy, left panel) while MRT (19 microbeams, width 50 µm, 400 µm spacing) was delivered through 2 orthogonal (middle panel) or 5 isocentric coplanar ports spaced by 36 • (right panel), intersecting in the right caudate nucleus (total cumulated

Figure 2 .

 2 Figure 2. Pathology and quantitative immunolabeling characterization of irradiation effects at 12 months after irradiation of normal rats. (A-I) No histopathologic alterations were seen in collateral areas where the deposited dose was subdivided in single-beam trajectories (5 Gy BB2, 5/376 Gy MRT2 valley/peak dose, 2/137 Gy MRT5 valley/peak dose), for (A) H&E staining, (B) Collagen-4, RECA-1, Glut-1 immunolabeling, (C) CD68 reactivity, (D) Olig2 staining, and (E) NeuN-GFAP duallabeling.The same results between groups were obtained for quantitative analysis of (F) total cell density and (G) number of blood vessels, while (H) the density of CD68-positive cells moderately increased after multiport MRT. In contrast, the same (I) oligodendrocyte and (J) neuronal densities were found in all groups.

  ,F report dose equivalences in terms of tumor control between BB2 and MRT: a 10 Gy valley dose MRT delivered via one or five ports was equivalent to 16.4 ± 2.2 or 27.3 ± 0.5 Gy BB2 exposures on T14, and to 13.1 ± 2.2 or 22.3 ± 1.0 Gy BB2 on T21, respectively.

Figure 3 .

 3 Figure 3. Each supplementary MRT port improved tumor control and contributed to the exponential extension of MST. (A) Irradiation geometries and valley dose maps computed on IsoGray for 9L glioma-bearing rats. BB2 was delivered through 2 orthogonal 8 × 8 mm 2 beams (2 × 5 Gy) while MRT (microbeam width 50 µm, 400 µm spacing) was delivered via 1 (valley dose at target 10 Gy, peak dose 726 Gy) to 5 isocentric ports, spaced at 36 • and intersecting in the right caudate nucleus (valley dose at target 5 × 2 Gy, peak dose 5 × 137 Gy). (B) Whole brain and tumor dose-volume

Figure 4 .

 4 Figure 4. Pathology and quantitative immunolabeling characterization of irradiation effects at 7 days after 9L tumor irradiations. (A-I) Analysis of tumor lesions 7 days after BB2, MRT2, or MRT5 irradiations or 17 days after tumor implantation in untreated rats (control). (A) Hematoxylin and eosin staining: Irradiated tumors displayed a lower cell density than unirradiated tumors (Ctrl). While (B) γH2AX-reactivity was increased, (C) Ki67-staining decreased after MRT, in particular after MRT5. (D) Collagen-4, RECA-1, and GLUT-1 immuno-staining indicated vessel fractionation and hypoxia in MRT-irradiated targets. (E) Macrophage infiltration increased after multiport MRT as seen on CD68-stained images. (F) Similarly, microglia density (CD11b-positive cells) increased. Results were confirmed by quantitative analysis, showing (G) smaller tumors after MRT. In addition, (H) the

Figure 5 .

 5 Figure 5. Exploratory treatment plan and provisional dosimetry for MRT (10 Gy, 5 ports) for brain metastasis irradiation for a human patient. (A) Valley and peak dose maps to deliver a 10 Gy cumulated valley dose to a 1 cm brain metastasis in a human patient through 5 MRT ports. (B) DVHs obtained for whole brain (black), PTV (light green), and GTV (dark green).

Figure S2 .

 S2 Figure S2. Improved tumor control of gliosarcomas by increasing numbers of MRT ports and total cumulated valley doses. (A) Irradiation geometries and valley dose maps computed in IsoGray for 9L bearing rats. BB was delivered as 2 orthogonal 8 × 8 mm² beams (2 × 2, 5, 8, 11, 17.5 Gy) while MRT (8 × 8mm arrays of 50µm wide microbeams, spaced 400 µm) was delivered as 2 orthogonal (2 × 0.5, 1, 2.5, 5 Gy cumulated valley dose) or 5 arrays spaced by 36° intersecting in the right caudate nucleus (5 × 0.2, 0.4, 1, 2 Gy cumulated valley dose). (B) Whole brain and tumor dose-volume histograms computed for BB and 2 and 5 MRT ports for different MRT cumulated valley doses (1, 2, 5 Gy). Valley doses and peak doses are plotted as the cumulated dose and the maximum (cumulated intersecting microbeam doses) deposited in a 1 × 1 × 1 mm 3 CT voxel. (C) Irradiation parameters and group size (n) for animal follow up (MRI and survival). (D) Representative T2 weighted MR images acquired on 9L bearing rats on day 7 and 14 after MRT irradiation through 2 and 5 ports (1, 2 and 5 Gy). 9L tumor volumes measured on MR images 7 days after irradiation for BB (4, 10, 16, 22 and 35 Gy, reference 9L tumor response to conventional irradiation) and MRT irradiations through 2 or 5 ports (1, 2, 5 and 10 Gy). N.A : not applicable. (E) MRT / BB equivalence doses: MR tumor volumes obtained at day 7 after irradiation (T7) were forced on the fitted reference 9L tumor response curve (black line) for MRT 2 ports (left) and 5 ports (right) and the total cumulated valley doses were reported on the right x-axis. (F) Relationship between the total cumulated MRT (2 and 5 ports) valley dose prescribed that is equal to the BB dose delivering equivalent tumor control efficiency. (G) Dose equivalence between total cumulated valley dose (for 2 and 5

57 Fig. 1 .

 571 Fig. 1. A-Gafchromic film showing MRT irradiation pattern. Typical microbeams width used in preclinical experiments (rodents) are 25 -50 mm wide, spaced from 200 to 400 mm apart. Peak to valley dose ratios calculated range from 15 to 40 in the literature. Dose profile is reported on B. C-pH2AX immunolabeling of DNA damage (red) induced by an orthogonal irradiation of the 9L gliosarcoma implanted in a rat's brain (Bouchet, 2012).

Fig. 2 .

 2 Fig.2. A-C Coronal section of a left parietal cortex, mouse brain, 1 year after irradiation with 25 mm wide microbeams, 211 mm on centre. Skin entrance dose 1000 Gy (frozen sections, haematoxylin and eosin, low A) and high (B) magnification, extracted from[51]); C = Red immunolabeling of type IV collagen. D Estimated cortical blood volume (%) and number of vessels/mm 2 ) 3 months after microbeam irradiation (312 or 1000 Gy) of the non-irradiated (control) and irradiated parietal cortex of nude mice. Mean values with their standard deviations are reported. Differences between the ipsilateral and contralateral hemispheres were not signi ficant: two-tailed p values (paired t test) 0.05. Adapted from[51] and[10].
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Fig. 3 .

 3 Fig. 3. A-BrdU immunostaining on brain hippocampal sections performed two months post whole brain irradiation of mice with FLASH-X-rays (single dose of 10 Gy) or with X-rays delivered at conventional dose rate (CONV-X-rays). Control mice were sham-irradiated. Arrows point at BrdU positive clusters in the SGZ. Blue: DAPI; Red: BrdU. Clusters were counted in the whole hippocampal section. Statistical analysis performed with the unpaired non-parametric Mann-Whitney test. *: p < 0.05 vs. control; **: p < 0.01 vs. control. Adapted from Montay-Gruel et al. 2018 [50]. B-GFAP immunostaining in brain striatum irradiated with FLASH-X-rays or with CONV-X-rays as in A; control mice were sham-irradiated: Reactive astrogliosis two months post irradiation. Arrows point at GFAP positive cells in the striatum. Immunoreactive cells were counted in striatum sections with MoreHisto software. Statistical analysis was done as in A. Adapted from Montay-Gruel et al. 2018 [50].

  

  

  

  Tout d'abord, la plupart des études se sont principalement concentrées sur les réponses aiguës des tissus sains. De plus, les effets indésirables subaiguës et notamment tardifs de la MRT sur les tissus cérébraux sains sont donc largement inexplorés. Des outils élaborés tels que l'IRM, les dosages génomiques et une large gamme de marqueurs immunohistologiques ont été utilisés dans le passé pour déterminer des altérations tissulaires. Cependant, l'évaluation neurocognitive par des tests comportementaux standardisés afin d'examiner l'intégrité des fonctions cérébrales n'a été que rarement utilisée. En outre, la MRT a été principalement utilisée pour cibler soit des régions cérébrales spécifiques, soit un certain foyer pathologique. Il n'est pas surprenant que le protocole standard utilisé pour l'exposition aux microfaisceaux des tumeurs intracrâniennes n'a guère évolué au cours des dernières années. La distribution de dose optimale n'a pas été révisée, ni la taille ou la configuration du champ d'irradiation n'ont été adaptées afin d'améliorer le rapport thérapeutique. Cette thèse vise donc i) à explorer la potentielle neurotoxicité à long terme de la MRT chez le rat, ii) à optimiser le protocole d'irradiation afin que les tissus sains ne reçoivent qu'un minimum de dose de rayonnement, alors que iii) les tumeurs cérébrales précliniques sont efficacement contrôlées. Trois séries expérimentales sont proposées afin d'atteindre ces objectifs et les résultats obtenus après la MRT sont comparés à la toxicité et à l'efficacité associées aux irradiations BB conventionnelles (hospitalier ou synchrotron). 1.2.3. Notions of MRT dosimetry ...................................................................................49 1.2.4. Effects of MRT on normal tissues ........................................................................51 1.2.4.1. Cellular changes after MRT in the normal brain ............................................51 1.2.4.2. Vascular effects as the leading paradigm for normal brain radiotolerance .....52 1.2.4.3. Brain tissue toxicity determined by the valley and peak doses ......................53 1.2.4.4. Preservation of brain functionality after MRT .................................................53 1.2.4.5. Consequences of MRT exposures depend on the tissue maturity status .......54 1.2.5. Effects of MRT on brain tumors ...........................................................................55 1.2.5.1. The 9L gliosarcoma model and its response to MRT.....................................55 1.2.5.2. Other brain tumor models treated with MRT ..................................................57 1.2.5.3. Combination of MRT with adjuvant medication for brain tumor treatment ......57 1.2.5.4. MRT as a potential therapeutic method for other brain pathologies ...............58

Concernant ce dernier, les tissus sains entourant le foyer et / ou situés dans la structure cérébrale controlatérale ont été examinés. Pourtant, l'évaluation des effets indésirables induits par la MRT lorsque la totalité des zones cérébrales interconnectées est exposée fait toujours défaut. 1.2.6. Thesis objectives .................................................................................................60
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15 Overview of behavioral tests in rats.

  

1.2.4.3. Brain tissue toxicity determined by the valley and peak doses The valley dose seems

  to be one of the most important limiting factors in normal tissue

	radiotolerance as it ensures, if kept below a certain threshold dose, that minimally-irradiated
	cells maintain their capacity to repair damage caused in the peak regions. Indeed, the general
	tissue architecture typically remains preserved after MRT with absence of grey matter necrosis
	and demyelination, and white matter necrosis only appearing after delivery of intolerably high
	valley doses (e.g. >19 Gy) (147). However, it has also been demonstrated that a high peak
	dose, despite an acceptable valley dose and small microbeam width, induces acute, lethal
	neurotoxicity in rats (117). Of course, the field size and the number of microbeams have to be
	taken into consideration, since higher peak doses but delivered through a smaller number of
	microbeams have not demonstrated the same acute toxicity (115). Nevertheless, a certain
	threshold peak dose, presumably below 1000 Gy for rather large field sizes, may exist. This is
	why it has been suggested that in larger animals with deep-seated targets the microbeam width
	should rather be increased in order to maintain a sufficient dose delivery, instead of increasing
	the peak dose to a toxic level (117). It is now common to irradiate targets through 50 µm-wide
	microbeams, spaced 400 µm apart and delivering 10 Gy cumulated valley dose, for
	comparisons with a synchrotron-generated non-fractionated, broad beam (BB), delivering a
	homogenous dose of 10 Gy ((130, 148) and this thesis).

1.2.4.4. Preservation of brain functionality after MRT

  

	neoplastic brain lesions with MRT due to the potential of increasing the therapeutic ratio
	compared with conventional radio-or chemotherapy protocols. However, critical steps are still
	lacking before childcare (and in a first approach adult human patients) can be pursued. As
	proposed by Laissue et al., a more adequate MRT protocol than the uni-directional irradiation
	employed in their studies in order to target deep brain lesions might be "a multidirectional
	irradiation protocol (e.g. irradiating it along four convergent anatomic axes), perhaps with about
	50 to 150 Gy skin-entrance [peak] dose along each axis" (149) and Hanson et al. recommend
	to limit the MRT valley dose to <5 Gy (151).
	1.2
	The low normal tissue toxicity after MRT exposures has been in accordance with
	sustained animal behavior. This has already been shown in the early beginnings of MRT, in
	long-term studies of normal suckling rat pups and weanling piglets, despite the fact that
	behavioral parameters were mainly based on empirical observations at that time (few data are
	now available on standardized behavioral tests in rats and pigs after MRT exposures and will
	be further explained in later chapters). For instance, the immature hindbrain of rat pups was
	irradiated by Laissue et al. with different MRT configurations. Only the highest dose (150 Gy),
	combined with the smallest microbeam spacing (105 µm) led to permanently lower body
	weights and motor disturbances. In contrast, all of the other rats appeared behaviorally normal
	(143, 149). Similarly, the entire, mature cerebella of piglets were irradiated through
	microbeams delivering up to 600 Gy peak doses. Astonishingly, neither weight nor behavioral
	development seemed impaired (150).
	These studies have created an early basis for the prospect of MRT with regards to i)
	the feasibility of accurate irradiation of deep-seated targets, corresponding to the size of brain
	tumors situated in an infant's head, ii) the safety of exposing brain tissue of low to moderate
	maturity to microbeams and, thus, iii) the possibility to treat young children affected by

.4.5. Consequences of MRT exposures depend on the tissue maturity status

  

	To tie up with the effects of MRT on immature tissues, Blattman et al. have presented
	data concerning the tolerance of chick-embryo chorio-allantoic membranes (CAM). High
	microbeam doses (>600 Gy) caused microvasculature damage that could only partially be
	repaired. Thus, a first hypothesis of the vulnerability of immature vessels to deleterious effects
	of high MRT peak doses was established (145). This was later confirmed by Sabatasso et al.,
	who irradiated CAM with an analogous MRT configuration and showed that vascular damage
	after microbeam exposures depends on the vessel maturity status (see Figure 1.19) (152).

1.2.5.1. The 9L gliosarcoma model and its response to MRT

  

	The 9LGS model is one of the most widely studied examples of glioblastoma treatment
	and has been utilized many times in the research of MRT efficacy. Some of the earliest
	experiments, mainly aiming at defining the most effective parameter settings for brain tumor
	control while sparing normal tissues, have already been mentioned (117, 118, 120, 121, 147).
	Despite early recognition of vascular involvement concerning tumor control efficacy after MRT,
	Serduc et al. found no noteworthy reduction of blood volume in 9LGS tumors implanted in nude
	mice (incompetent in T-lymphocyte populations). As survival was nevertheless increased after
	MRT, combined with temporary tumor growth arrest, 12 a predominant acute cytotoxic rather
	than a vascular effect was suggested (122). This contradicts somewhat the finding by
	Dilmanian et al. showing that a high fraction (2%) of 9L cells survive shortly after MRT despite
	a high tumor ablation rate in rats and that cytotoxic effects alone cannot explain the full extent
	of MRT efficacy (147). Besides vascular effects, a precious role of immune responses after
	MRT exposures was later suggested and confirmed (154-156).
	In the aftermath (starting from the year 2010), an exhaustive series of preclinical
	experiments began, conducted by A. Bouchet, R. Serduc and E. Bräuer-Krisch and colleagues.

  the F98 cell line or C6 glioma cells in preliminary studies (123, 128).Bouchet et al. 

	demonstrated that MRT had a comparable efficacy as already seen for the 9LGS model: MRT
	irradiated F98 tumors were ~3.5 times smaller 2 weeks p.i. than BB treated tumors. MRT led
	to disruption of vessels in all areas of the tumor, its periphery included, showing consistent
	vascular effects in different types of tumors. It is thus possible to efficiently treat tumors with
	MRT that show very distinctive characteristics since the F98 model is known to be naturally
	poorly vascularized and hypoxic (more than the 9L model), which is why modulating effects
	apart from hypoxia-induction play a role in MRT efficacy (127). This tumor model has also been
	used to deliver MRT as a boost, in two periodical fractions that followed three fractions of
	conventional broad beam therapy. Tumor recurrence was temporarily stopped after the MRT
	boost, whereas F98 tumors quickly recurred after BB exposures. This study has added to the
	so-far sparse evidence of the feasibility of temporal MRT fractionation and has given a first
	prove of a possible, clinically adapted combination of MRT with conventional radiotherapy
	fractionations (158).
	Human glioma cells (U251 cell line), implanted in the hind leg of nude mice, were
	investigated concerning the response to MRT and the evaluation of different parameter
	settings. It was shown that human glioma cells respond to MRT and that a temporally
	fractionated configuration and/or narrow microbeams represent favorable MRT parameter
	settings (159).

Table 1 .2.1

 1 Overview of selected studies investigating the effects of MRT on brain tumors.

	Absence Epilepsy Rats from Strasbourg (GAERS) have been used to study the effect of
	microbeams delivered through four incidences in the same axial plane, creating an interlaced
	geometry of complete tissue transections in the targeted area (161-163). It was demonstrated
	that the spontaneously occurring absence seizures in this rat model could efficiently be
	reduced through MRT, most likely due to neuronal remodeling, disruption of neuron
	membranes and changes in the membrane potential as well as altered axonal myelination and
	synaptic events (162). Importantly, normal tissues in areas where only one array traversed the
	brain were not affected by tissue damage, however, these areas were still able to trigger
	epileptiform activities. This finding stresses that the geometrical, interlaced targeting is of high
	importance in controlling neuronal discharges in epilepsy (163). Similar results might also be
	obtained through the application of slightly thicker microbeams (e.g. 100 µm width), mimicking
	neurosurgical and invasive techniques such as multiple subpial transections (164).

2 Effects of Microbeam Radiation Therapy on normal brain tissue 2.1. Dose escalation of whole-brain MRT and hospital irradiation in normal rats 2.1.1. Context of study

  MRI demonstrates brain region-specific vascular damage after rat WB-MRT. ..................................................................................................................................90 2.1.3.3.1. ADC values decreased at sub-acute delays after hospital radiotherapy, whereas brain water diffusion increased after MRT ................................................90 Qualitative immunohistochemistry allowed further analysis of vascular changes ............................................................................................................... 102 2.1.4. Discussion ......................................................................................................... 104

	functions and should also be spared. It may thus be time for a revision of the WBRT protocol and a systematic evaluation of morphologic tissue changes and neurocognitive decline (167). It is rather astonishing to note that, during more than three decades of intensive 2.1.3.3. 2.1.3.3.2. T2* relaxation times decreased time-and dose-dependently after MRT ..94 research, few insights have emerged in the field of microbeam radiation therapy concerning
	2.1.3.4. Histologic analysis of rat brains confirms MRT-induced vascular changes. ...99 whole-brain exposures and long-term adverse effects of such large-field irradiations, in
	2.1.3.4.1. Histologic sections revealed a maintained general tissue architecture ....99 combination with dose escalations. Only three known studies have investigated the effects of
	2.1.3.4.2. Histologic sections showed MRT-specific microcalcifications but absence ascending MRT doses on whole-brain (171, 172), or whole-head exposures (173). Mukumoto
	of tissue necrosis for tolerable valley doses ......................................................... 100 et al. delivered MRT peak doses between ~100 to 1000 Gy to entire mouse brains and found
	The experimental series, which is presented in the first part of this chapter, was designed to evaluate effects of whole-brain MRT on normal tissues, in comparison with hospital exposures using a high-energy and seamless X-ray beam. Although whole-brain that animals survived much higher microbeam peak doses than broad beam doses, however, behavioral impairment was not evaluated and the study was terminated at only 3 months post irradiation (171). Even shorter animal follow-up (~1 month p.i.) was carried out by Smyth et al., 2.1.3.4.3. Chapter summary radiotherapy (WBRT) is no longer applied for the treatment of glioblastoma, it is to date an including general observations but no standardized cognitive test. Moreover, whole-head
	The second chapter encompasses normal tissue changes evoked after MRT exposures to the accepted practice for the treatment of multiple brain metastases (165, 166). While exposures are likely to elicit higher acute toxicity, making it difficult to compare such an
	normal rat brain. It is divided in two experimental series; the first experiment, presented in the therapeutical approaches for the latter are evolving, allowing longer survival of these patients, irradiation to one that is restricted to the brain (173). Similarly, Schültke et al. used pencilbeams
	following, has been conducted on normal Fischer rats that were exposed to whole-brain late adverse effects of radical treatment concepts increasingly emerge as limiting factors (167). for whole-brain exposures in mice, derogating the comparability with classical microplanar
	dose scales, allowed to define biologic equivalent doses between MRT, in relation to the applied number of ports, and BB irradiation. A dose escalation from 5 to 25 Gy has been set in place, either in MRT mode, or after hospital broad beam (hBB) irradiations. While hBB exposures did not induce major cognitive decline, subacute changes in brain water diffusion and clinical symptoms were observed. Contrary, MRT caused alterations of locomotor activity and subacute to late vascular damages. However, veterinary evaluations did not raise concern after exposure to MRT valley doses of up to 17 Gy. We can now propose a maximal toxic MRT peak dose of ~680 Gy for rat whole-brain irradiations, whereas a valley dose of up to 5 Gy may be considered safe in beams used in MRT. However, motor ability and object recognition performance were The standard approach of WBRT comprises the delivery of 30 Gy in 10 fractions to the assessed until 6 months post exposure, revealing a noticeable cognitive decline and entire brain parenchyma. It is commonly accepted that WBRT enables control of the present depressed weight gain when narrow spacing and high peak doses were applied (172). The metastases and may prevent the appearance of new brain metastases. However, a decline of mentioned studies thus suggest some limitations to the microbeam paradigm, each proposing quality of life (QOL) and of cognitive functions have set the advantage of WBRT over a certain threshold dose for the respective irradiation configuration, however, they are only stereotactic radiosurgery (SRS) in question. Conversely, if SRS is applied alone, an elevated risk in appearance of distant metastases is given. In case of multiple metastases, WBRT is sparse and rather unrepresentative examples of normal tissue toxicity after whole-brain MRT.
	exposures. future large animal trials. thus primarily employed, although adjustments of the irradiation protocol aim at improving local
	tumor control and at sparing highly vulnerable brain structures from radiation exposure in order
	Résumé du chapitre to increase the therapeutic ratio (e.g. hippocampal avoidance WBRT in combination with SRS,
	Le deuxième chapitre s'adresse aux effets sur les tissus sains induits après exposition du called simultaneous integrated boost (168)) (92).
	cerveau de rat à la MRT. Il est divisé en deux séries expérimentales : la première expérience,
	présentée dans les sections suivantes, a été menée sur des rats Fischer sains qui ont été Despite the fact that whole-brain radiotherapy allows satisfactory control of brain
	exposés à une irradiation du cerveau entier. Une échelle de dose de 5 à 25 Gy a été mise en metastases and modern approaches of hippocampal sparing may be beneficial for
	place, soit en mode MRT, soit par irradiation utilisant un faisceau hospitalier. Bien que les neurocognitive preservation (169, 170), the use of WBRT is increasingly challenged in light of
	expositions à ce dernier n'ont pas induit de troubles cognitifs majeurs, des symptômes the precise targeting of intracranial lesions that is possible and evermore improving. The total
	cliniques ont été observés chez ces rats. Au contraire, la MRT a provoqué des altérations de irradiated volume seems rather disproportionate compared with the disease burden and a
	l'activité locomotrice et des lésions vasculaires. Nous pouvons proposer une limite de dose survival benefit over stereotactic radiation techniques is seldomly shown, while the latter have
	MRT pic toxique de ~ 680 Gy pour l'irradiation du cerveau entier chez le rat, alors qu'une dose a notably higher potential to avoid the exposure of brain structures that are essential for
	vallée allant jusqu'à 5 Gy peut être considérée comme sûre dans les futurs essais sur les cognition. Although the hippocampus counts amongst the most crucial brain regions for
	grands animaux. memory, other structures may be equally radio-sensitive, just as important for behavioral
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CHAPTER

despite the fact that they were supposed to be delivered at the age of 8 to 10 weeks (expected body weight no lower than 200 g according to the Charles River growth chart, see Figure 2.1), the mean group weight was only 155 ± 8 g. We can only assume that their age Figure 2.1 Charles River growth

  

	did not correspond to the other rats' age, nor did their development correspond to the desired
	advanced brain maturation. All rats were housed in groups of three with food and water ad
	libitum and under permanent 12-hours light-dark cycle (light on at 7 a.m.) and a room
	temperature of 23 ± 2°C. Procedures related to animal care were conform to the Guidelines of
	the French Government (licenses #380325/#390321, authorized labs A3818510002/
	A3851610008/A3851610004).
	2.1.2.2. Irradiation procedure
	The Fischer 344 rat strain has first been bred in 1920 (174) and is nowadays one of the 2.1.2.2.1. Hospital irradiation parameters and dosimetry
	most widely used rat models in research. Although the present study is focused exclusively on Radiotherapy (RT) was conducted at the Grenoble Alpes University Hospital (CHUGA),
	normal tissue responses to irradiation, we kept in mind the future application of MRT on tumor and served as reference RT. Thirty-four (n=6-7 per group) normal Fischer rats were irradiated
	models. Thus, in order to stay consistent in the choice of the animal model, we chose the using a Clinac 2100C/D linear accelerator (Varian Medical Systems Inc., Palo Alto, USA). For
	Fischer 344 strain because the 9L tumor model, which is studied in linked experiments, is animal positioning during the procedure, a Styrofoam TM rat-holding construct with a capacity
	syngeneic with this strain. Male rats were chosen to avoid hormonal interferences during of 6 places for simultaneous radiation exposure was used (two sets of 3 rats facing each other).
	behavioral testing. Eight-to ten-week-old rats, corresponding to adolescence, are suitable for
	brain irradiation since significant brain growth and myelination have ended (175, 176).
	Eighty-nine inbred, specific pathogen free and viral antibody free (SPF-VAF) male
	Fischer 344 rats were purchased from Charles River Laboratories, France, and were delivered
	at least one week prior to irradiation to allow acclimatization to the animal facility of the
	Grenoble Institute of Neurosciences (GIN) where they were housed throughout the whole
	study. Mean group weights (±SD) ranged from 198 ± 12 g to 223 ± 18 g with the exception of
	one cohort of animals which was purchased and irradiated at a later time point due to logistic
	reasons; chart for Mean weight +/-1 standard deviation
	the Fischer 344 strain, extracted from
	https://www.criver.com/products-
	services/find-model/fischer-344-
	rat?region=29.

  were exposed to MRT skin-entrance peak doses of 209, 401, 521, 681 and 1002 Gy, resulting in maximal valley doses of 5.6, 10.7, 13.9, 18.2 and 26.8 Gy. MRT valley

doses at 7 mm tissue depth (peak-to-valley dose ratio, PVDR, of 35.3 in depth), in accordance with the size of a rat brain, amounted to 5.2, 10, 13, 17 and 25 Gy (abbr. MRT5, etc., MRT25).

  Morphologically, we found no severe tissue destruction, i.e. radionecrosis, up to MRT valley doses of 17 Gy.19 Increasing the valley dose to 25 Gy, in contrast, caused irreversible white matter necrosis, which is in line with previous studies showing that an MRT valley dose of approximately19 Gy can be considered as a maximal limit (144, 147). Late adverse effects on normal brain tissues therefore seem to depend principally on the MRT valley dose(144, 145, 149, 173, 189). Thus, our findings confirm that the general tissue architecture of the brain can be conserved if an MRT valley dose of maximal 17 to19 Gy is delivered in a rather large irradiation field, which corresponds well to limiting BB doses of ~18 to 22 Gy in former studies

Sun et al. reported histopathologic brain changes combined with mortality in rats after

30 

Gy of whole-brain electron irradiation (185). Conversely, Moravan et al. found neither death cases nor severe tissue changes until one year after whole-brain exposures of up to

35 

Gy in mice (gamma-ray irradiation) (186). Several factors may explain these contradictory findings, e.g. species and strain differences, type of radiation, dosimetrical features/energy spectra, etc., some of which have been reviewed by Yang et al.

[START_REF] Yang | Pathophysiological Responses in Rat and Mouse Models of Radiation-Induced Brain Injury[END_REF]

, demonstrating considerable incoherencies despite seemingly similar radiation exposures.

In addition, late cognitive adverse effects of RT exposures can be seen in the absence of radiographic or histologic evidence of demyelination or white matter necrosis

[START_REF] Greene-Schloesser | Radiation-induced brain injury: A review[END_REF]

, in human patients (187), and in rodent models

[START_REF] Lamproglou | Radiation-induced cognitive dysfunction: An experimental model in the olf rat[END_REF] 184)

. In contrast, a reduction of proliferating, immature neurons has been detected after exposure to a dose as low as 1 Gy (188), suggesting that hippocampal-dependent neurocognitive impairment may occur even if gross vascular and tissue changes are not observed

[START_REF] Rola | Radiation-induced impairment of hippocampal neurogenesis is associated with cognitive deficits in young mice[END_REF]

. In our case, subtle cellular deviations might appear once the immunohistologic analysis has been finished.

  Gyof MRT exposures (no MRI was conducted in the acute phase). Research conducted bySerduc et al. has shown that high MRT peak / valley doses (1000 / 19 Gy) have the potential to induce the extravasation of a small vascular probe until 12 days after irradiation of the upper part (25%) of normal mouse brains (144). Since ADC values remained unchanged (pseudonormalization), the authors suggest a simultaneous vasogenic and cellular edema at one day p.i., which resolved one week later(194). The fact that 100% of the rat brain volume was irradiated in our study and different microbeam width / spacing were used (50 / 400 µm vs. 25 / 200 µm used bySerduc et al.), might explain why we saw an increase in ADC values Indeed, the vascular changes observed in T2* acquisitions in our study coincide with the pathogenesis of cerebral microbleeds that are preferentially located in sub-/cortical regions, the basal ganglia and thalamic nuclei (198).Chronically, the initial hemorrhage might have turned into late adverse effects of radiationinduced vascular damage, which became visible in form of perivascular calcified foci(195, 199). The appearance of microcalcifications is a rather unique feature of late MRT-induced tissue damage, which has repeatedly been observed in former studies(118, 121, 147, 156). Interestingly, microcalcifications have not been systematically detected after comparative irradiations with a non-fractionated broad beam delivering doses in the range of MRT valley doses (118). Conversely, chronic vessel damage in the basal ganglia after radiation exposures have been reported by Harwood-Nash et al., corresponding to findings in the present study. It has been suggested that the basal ganglia are particularly vulnerable to late radiation-induced

	studies have reported the relation between cerebral, perivascular microcalcifications induced
	by radiation exposures and the shortening of T1 and T2 relaxation times (195, 196), even
	though the definitive differentiation between calcifications and hemorrhage requires more
	specific MR sequences (197). It is plausible that a transient MRT-induced sub-/acute opening

until subacute, delayed time points. In addition, Bouchet et al. demonstrated that the permeability of vessels in normal rat brain tissue, irradiated through two crossing microbeam arrays (cumulated valley doses of 21 to 25 Gy), was significantly increased at one week (127), and moderately elevated at ~2 months post exposure (124). It is therefore coherent that we found an increase in whole-brain water diffusion, however, no significant region-specific ADC value increase in certain brain structures was seen. Importantly, ADC maps of MRT-irradiated brains revealed dilation of the lateral ventricles and a thin band of hyperdense signal in the subarachnoidal space, which possibly explains the elevation of whole-brain ADC values due to increased cerebro-spinal fluid. It can thus be deduced that two mechanisms acted in water diffusion changes after microbeam exposures; escalating MRT doses may have either resulted in a preferential disruption of the blood-brain barrier and in the induction of vasogenic edema, or the MRT-induced increase in the CSF compartment led to elevated whole-brain ADC values without causing parenchymal edema.

The most prominent MRT-associated changes were seen as hypo-intense areas on T2* maps, corresponding to decreased T2* fits, in particular in thalamic regions and, less extensively, in the caudate nucleus and cortical areas, whereas the hippocampus was considerably less affected. These changes progressed over time and with increasing MRT doses and coincided regionally with microcalcifications seen on histologic sections. Some of the BBB was accompanied by leakage of blood cells into the tissue, which were detected through T2* sequences, in particular at late intervals post irradiation (10 months p.i.) as they transformed into resident hemosiderin deposits. microvessel damage resulting in perivascular calcifications due to vascular necrosis and local tissue hypoxia. However, it is not clear if microcalcifications in these brain regions issue from a local predilection for biochemical/metabolic disturbances or from an increased vascular radio-sensitivity (199). Importantly, clinical symptoms indicating basal ganglia dysfunctioning are typically absent in irradiated patients presenting such mineralizing microangiopathy

[START_REF] Ball | Neurotoxicity of Radio/Chemotherapy In Children : Pathologic and MR Correlation[END_REF] 195)

, which is why the vascular damage seen in MRT treated rats may not necessarily be connected with apparent behavioral changes. Indeed, Laissue et al. found cerebellar hypoplasia and microcalcifications in irradiated rats that behaved normally (149).

  found an increased ratio of time spent in the open field center / total test duration, in particular at late delays after MRT exposures. This altered behavior became significantly different after MRT valley doses of 17 Gy, corresponding to the findings of the FST test. The willingness to enter the OF center is generally set in context with a notion of fearlessness, which is somewhat opposing a state of distress. In addition, defecation, a potential indicator of "emotionality" (105), was significantly reduced after MRT (17 Gy), which suggests a low "emotional" state induced by MRT. While an increased time spent in the OF center has also been reported in MRT irradiated pigs (119), no further study has investigated altered anxietylike behavior after MRT exposures. Moreover, neither anxiety, nor emotionality are easily interpretable based on these rather basic open field parameters and seen from a human point of view (108). In order to be able to evaluate more precisely the behavioral changes observed after MRT, it may be necessary to include further parameters such as rearing, freezing and

grooming (106), or even physiological determinants, e.g. biochemical or electrophysiological variables (206).

  disinhibition process as seen in attention deficit hyperactivity disorder. Although concrete brain structures and pathophysiological mechanisms in ADHD are still largely unknown, there is growing evidence that the hippocampus as well as the prefrontal cortex (PFC) may play an important role in the development of the syndrome. It is believed that connections of prefrontal regions with the hippocampus and the amygdala, which all mediate attention, memory and to be highly excited with a significantly increased firing rate in response to electrical stimulation of hippocampal regions. Radiation also induced the firing of "silent neurons" and significant changes in neuronal and synaptic plasticity. Such excitatory toxicity may have also been implied in MRT-associated effects in our study, however, the changes in PFC neurons mentioned above were only found in the acute phase (3 days) post irradiation (219).Importantly, no dominant vascular or tissue damages were found in the hippocampus and PFC, and T2* fit values declined only gradually and to a notably lower extent than in the other regions. It is thus questionable if these two regions were specifically responsible for the observed behavioral alterations. However, we did not evaluate volume changes of brain structures on MR images; since Plessen et al. have shown that the hippocampus is enlarged in ADHD patients (218), it may be of help to include such volumes in a future analysis and to add the amygdala as a region of interest. Moreover, it has revealed to be challenging to precisely delineate prefrontal regions on MR images of the rat brain due to the small size,

emotions, may be implied in ADHD (218). Recently, Zhang et al. have shown that 10 Gy of whole-brain irradiation in rats disturbs the hippocampal-PFC pathway (219): PFC neurons were found which is why a more thorough evaluation of MRT-induced alterations in prefrontal cortical areas may be required. The hippocampus is thought of playing a role in indexing novelty and in exploring new environments in humans, thus, explorative behavior in the open field test may be representative in rats. However, spatial and temporal memory, which is primarily encoded by prefrontal-hippocampal pathways and is the most severely affected cognitive function in ADHD, has not been specifically tested in our experiments; spatial memory tests should therefore be taken into consideration in future evaluations of normal brain MRT exposures.

Furthermore, methylphenidate (Ritalin®) is a treatment commonly applied in patients with ADHD; it may thus be of interest to administer this drug to MRT irradiated rats in order to investigate if a therapeutic effect can be reached.

Table 2 .1.1

 2 Summarizing overview of results, discussions and bibliographic comparisons of dose-dependent responses after whole-brain hospital irradiation and MRT of normal rats. .2.3.4.3. Decrease of T2* relaxation times at one year after multi-directional MRT exposures ............................................................................................................ 139 2.2.3.4.4. Water diffusion was largely unaltered at a late delay after MRT through multiple ports ........................................................................................................ 140 2.2.3.5. Histologic analysis of normal rat brains shows efficient target tissue damage but preservation of normal tissue surrounding the target. ......................................... 141 2.2.3.5.1. Contralateral, unidirectionally irradiated zones were spared through multiport MRT....................................................................................................... 141 2.2.3.5.2. Histopathology affirmed vascular damage in the region targeted through multiple MRT ports ............................................................................................... 143 2.2.4. Discussion ......................................................................................................... 147

	Hospital BB irradiation

mb = microbeam WBRT = whole-brain radiotherapy NOR = novel object recognition MRT 17 / 25 Gy* = Combined MRT 10 Gy valley + 7 or 15 Gy BB dose; not to be confounded with "real" MRT 17 and 25 Gy valley dose (=680 and 1000 Gy peak dose  acute death) ~19 Gy limiting valley dose for WM necrosis (144, 147). Fimbria predominantly affected (91).

Time-and dose-dependent effects on the vasculature, i.e. haemorrhage or microbleeds

(198)

. The thalamus is the most severely affected region, in line with the rich region-specific vascular network (200), whereas the hippocampus appears preserved. home cage behavior. Apart from toxic peak doses, valley doses of up to 17 Gy appear safe from a veterinary point of view. To avoid hyperactivity and late vascular damage, MRT valley doses of up to 10 Gy can be considered as safe in future pet animal trials. 2

  The acquisition time took 15 to 20 minutes per rat and all animals recovered well from anesthesia. The transfer to the ESRF animal facility was executed once all rats were fully conscious and behaving normally. MGE map were acquired in axial planes. For details on the acquisition parameters, see 2.1.2.4.2. In short, in Paravision 6.0.1 a series of sequences was set in place, beginning with a quick localizer (tuned with a wobble routine), followed by a T2-weighted Turbo RARE acquisition. For acquisition of T1-weighted images at 2 and 6 months p.i., a gadoliniumcontaining contrast agent (Gd-DOTA, Dotarem®, Guerbet, Rossy, France) was injected intraperitoneally at a dose of 0.4 ml/kg (0.5 mMol) while animals were under isoflurane anesthesia. Approximately 5 minutes post injection, 23 T1-weighted slices of 1 mm thickness were acquired in 2'52" minutes.At 12 months after irradiation, the diffusion map was used to calculate apparent diffusion coefficients (ADC) and the T2* MGE map served for computation of T2* fits using the Matlab toolbox MP3 . The entire brain and two main regions of interest (target or right caudate nucleus, RCN, and the contralateral left caudate nucleus, LCN) were compared, but additional ROIs (hippocampus, thalamus) were also contoured. Illustrative images were obtained in ImageJ®. ADC and T2* fit values were statistically evaluated using ordinary one-way ANOVA

	2.2.2.4.2. MRI acquisition parameters
	The 4.7 Tesla magnet of the Bruker console was used to follow the evolution of

Resonance Imaging

2.2.2.4.1. Animal manipulation

Magnetic resonance imaging was conducted at 2, 6 and 12 months post irradiation in the GIN imaging facility (IRMaGE). The same set-up as given in 2.1.2.4.1 ensured safe isoflurane anesthesia (4-5% induction, 2-3% maintenance), sustained body temperature and detection of the respiratory rate. potential tissue lesions. At the first two time points, fast T2-and T1-weighted images were acquired, whereas at 12 months p.i., an additional brain diffusion map (DTI_EPI) and 3D T2* (Tukey's test) for comparison of whole-brain parameters and two-way ANOVA (Sidak's test)

  2.32-C shows normal rat survival after MRT2, MRT5 or BB2, compared with control animals. One hundred percent survival was reached after BB and MRT2, whereas 2 out of 8 animals died 11 and 12 months after MRT5, leading to a 75% survival rate (p=0.1).

	With exception of the two deceased animals and one rat showing punctual aggressions in the
	MRT5 group, no other major clinical observations were noticed. Please see 6.3.2.1 for further
	details on veterinary case reports.
	2.2.3.3. Behavioral testing shows increasing hyperactivity in rats with increasing
	number of MRT ports.
	2.2.3.3.1. Increase in locomotion and disinhibitory behavior after multiport MRT
	Normal rat behavior at 0.5, 2, 6 and 12 months after irradiation was assessed through

a standardized test battery. Results of novel environment exploration (open field -OFtest) are shown in the following figures. The travel tracks depicted in Figure 2.33 give a first appreciation of differences observed in locomotor activity at 0.5 and 12 months after MRT,
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  The experimental data that has been presented in the two previous chapters have defined the potential damage of normal brain tissues induced by MRT and have provided approaches to safely minimize adverse effects in a clinical context. It is important to reiterate this clinical context, i.e. the treatment of glioblastoma, a devastating primary brain malignancy with the poorest prognosis out of all brain tumors (4, 7). The multimodal approach of surgical resection, radiotherapy and chemotherapy with temozolomide (Stupp regimen)(24, 25) leads to a median survival of only 14.6 months and has not significantly improved over the last 10 years (240). Temporal fractionation of a 60 Gy total dose, delivered in daily sessions of 2 Gy

over 6 weeks, remains the standard of care

(15, 18)

; however, therapeutic efficacy is limited, progression-free survival does not exceed 7 months

(25) 

and fewer than 7% of patients survive longer than five years

(7)

. Unfortunately, most radiotherapeutic protocols for GBM management have not significantly evolved nor have they improved post-treatment quality of life. It is long overdue to find treatment methods that offer an improved therapeutic ratio.

Microbeam radiation therapy may bear the potential to approach this aim. Past studies have shown that MRT preferentially damages immature tumor vessels (127), reducing oxygen and nutrient supply, and causing tumor necrosis (124, 126). Despite the fact that it is not feasible to conformally adapt the irradiation field in laboratory rats, an efficient tumor ablation is consistently associated with low normal tissue toxicity after MRT protocols, which expose a major part of the brain to radiation (121, 122, 124, 127). Microbeam irradiation has significantly improved tumor control in preclinical experiments compared to conventional RT, at MRT valley doses similar to those of homogeneous BB irradiations (127, 157). Indeed, tumors in rats are controlled more efficiently after MRT exposures; they are up to 3 times smaller at 14 days p.i.

  this study, we chose the Fischer 344 strain for implantation of 9L gliosarcoma cells because the tumor model has been developed in Fischer rats and features syngeneic characteristics (241). The 9L tumor model is commonly used in preclinical radiosurgery trials (see below) and has been established in rats aged 6-8 weeks, which is why we chose this age group for cell inoculation. It was not possible to replace the presented animal experiments with in vitro studies because the aim to acquire innovative findings from our radiation treatment could only be achieved via a complex whole organism with tumor cells, a functional vasculature, specific microenvironment and inflammatory responses. Cells could not substitute the specific tumor response and side effects on brain function, skin response, skull bone irradiation and animal survival. Details on the choice of species and gender, as well as the housing conditions and authorization licenses are as given in 2.1.2.1.

  neoplastic areas were seen. This allowed us to randomize animals into homogenous groups with same mean tumor size, location and morphology. Six untreated control rats (0 Gy) and rats irradiated with increasing BB doses of 4, 10, 16, 22 and 35 Gy (n=5) served for investigation of tumor dose-response effects. An additional cohort of tumor-bearing rats (n=10) was irradiated with 10 Gy BB and served for histologic analysis at 7 and 14 days post exposure (in addition to histology of 5 untreated tumors on T7).The irradiation set-up, procedure, dosimetry and beam properties were identical to the ones explained in 2.1.2.2.2 and the crossed-configuration has been given in 2.2.2.2.1.1.

	3.1.2.3. Irradiation procedure
	3.1.2.3.1. Irradiation parameters and dosimetry
	3.1.2.3.1.1. Synchrotron broad beam irradiation parameters and dosimetry
	The reference 9L tumor growth curve was established from tumor-bearing rats
	irradiated 10 days after implantation at the ESRF with a spatially non-fractionated broad beam
	(BB).
	3.1.2.2.3. Tumor randomization before irradiation
	Anatomic magnetic resonance imaging (axial T2-weighted acquisitions, for details on
	animal handling, MRI set-up and sequence parameters, see 3.1.2.4) was conducted nine days

post implantation, i.e. one day prior to irradiation (D9/T-1). This pre-treatment procedure served to verify a tumor take rate of 100%. Individual tumor morphology was recorded for every animal, in addition to tumor location in the brain and tumor volumes, measured on all MRI slices where hyperintense

32 

Group sizes are further detailed in

  Note that the MRT peak doses represent the reference doses that were entered into the GUI, as already explained in 2.1.2.2.2 and 2.2.2.2.1.2. The MRT valley doses noted in brackets and italic show the minimal cumulated valley dose in the tumor, with a maximal valley dose set at 10 Gy, resulting in a mean valley dose of 9.3 Gy in the tumor for all configurations.

	3.1.2.3.1.2. Synchrotron microbeam radiation parameters and dosimetry
	Multiport MRT exposures with a cumulated valley dose of 10 Gy
	Microbeam radiation therapy was performed at ID17 at the ESRF, delivered through 1,
	2, 3, 4 and 5 irradiation incidences (MRT1-5). The successive irradiation of tumor-bearing rats
	in these 5 groups (n=6 per group for survival, in addition: histologic analysis at 7 and 14 days
	after MRT2 and MRT5, n=10, cf. Figure 3.3) had following geometrical and dosimetrical
	characteristics:
	1. MRT1: one latero-lateral (right-left) array of microbeams delivered 726 / (8.5) 10 Gy MRT
	peak / valley dose;
	Further beam characteristics corresponded to those given in 2.2.2.2.1.2 (8x8 mm 2 field size,
	19 microbeams per array, 50 µm width, 400 µm spacing, beams intersecting in the target). 33

2. MRT2: a first latero-lateral exposure was followed, after 90° rotation, by a second anteroposterior irradiation, delivering 2 x 376 / 5

Gy 

MRT peak / valley dose (752 / (8.6) 10 Gy in tumor), same configuration as in 2.2.2.2.1.2; 3. MRT3: three beam arrays, separated by 60° rotational steps, deposited 3 x 226 / 3.3 Gy MRT peak / valley dose (678 / (8.8) 10 Gy in tumor); 4. MRT4: four exposures, with rotations of 45°, were applied to deliver 4 x 172 / 2.5 Gy MRT peak / valley dose (688 / (8.9) 10 Gy in tumor); 5. MRT5: five arrays of microbeams delivered, after 36° rotations, 5 x 137 / 2 Gy MRT peak / valley dose (685 / (8.7) 10 Gy in tumor), same configuration as in 2.2.2.2.1.2. This design is depicted in the treatment planning system in Figure 3.4.

  For implementation of the novel object recognition (NOR) task, former protocols were adapted (273, 274). The same Viewpoint arena as in the open field test was used and the material (arena and objects) was thoroughly cleaned with odor-neutralizing Surfa'Safe spray

	6.2.1.4. Novel object recognition test protocol
	6.2.1.4.1. Apparatus and test set-up

  5, 1, 2, 4, 6, and 12 months after irradiation for control and irradiated rats. In each panel, control group: dashed line; BB2 group: solid black line; MRT 2 ports: light green line; MRT 5 ports: dark green line. Data are plotted as mean +/-SEM. Significance was determined using one-and two-way ANOVA tests for p < 0.05, and noted as * Ctrl vs. MRT5, # BB2 vs. MRT5, ˆ Ctrl vs. MRT2, ¶ BB2 vs. MRT2, + MRT5 vs. MRT5, • MRT2 vs. MRT2, £ MRT5 vs. MRT2, § BB2 vs. BB2. 3.1. Effects of Multiport MRT on Tumor Free Animals 3.1.1. Neurological Changes and Survival after Microbeam Irradiations T2-weighed MR images acquired 2, 6, and 12 months p.i. in normal rats (details in Figure

  histograms computed for BB2 and 1 to 5 MRT ports for a similar cumulated dose at the target(10 Gy). Valley doses and peak doses are plotted as the cumulated dose and the maximum (cumulated intersecting microbeam doses) deposited in a 1 × 1 × 1 mm 3 CT voxel. (C) Irradiation parameters and group size for animal follow up. (D) Representative T2-weighted MR images acquired in 9Lbearing rats prior to and 7, 14, and 21 days after MRT irradiation. Volumes of 9L gliomas, measured on MR images at days 7, 14, and 21 after BB2 (dose range 0-35 Gy) and microbeam (10 Gy, 1 to 5 ports) irradiations, show that tumor growth control increases with use of additional MRT ports. rats obtained after BB2 or MRT (1 to 5 ports) for a cumulated valley dose of 10 Gy (left). Non-linear correlation between the number of MRT ports and MST of tumor-bearing rats (center). MST of 9L-bearing rats according to the delivered BB2 dose (dashed fit, right). By extrapolation, 8 MRT ports delivering a 10 Gy cumulated valley dose would lead to the same survival as that achieved by35 Gy of BB2 irradiation. (H) Survival summary, biological equivalence doses, and Logrank test comparisons between groups. In each panel, except D, BB2 group: solid black; MRT 1 port: light grey; MRT 2 ports: light green; MRT 3 ports: mid grey; MRT 4 ports: dark grey; MRT 5 ports: dark green. Data are plotted as mean +/-SEM. Significance was determined using unpaired t-tests for p < 0.05, and noted as * 0 Gy vs. all treatment groups, for BB2 groups as ˆ BB 4 Gy vs. BB 16/22/35 Gy, x BB 4 Gy vs. BB 10/22/35 Gy, ¶ BB 10 Gy vs. BB 16/22/35 Gy, § BB 16 Gy vs. BB 35 Gy, £ BB 22 Gy vs. BB 35 Gy and for MRT groups as # BB vs. all MRT groups, • MRT4 vs. MRT1/2/3, + MRT5 vs. MRT1/2/3. 3.2.2. MRT Increased Median Survival of Tumor-Bearing Rats MST of 9L bearing rats are shown in Figure
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	(E) MRT/BB2 equivalence doses: MR tumor volumes (green) obtained at day 14 (left) and 21 days
	(right) after irradiation are positioned on the reference 9L tumor response curve (black line) for
	MRT1 to MRT5. (F) BB2 dose equivalences derived from (E) for 1 to 5 MRT ports at 14 and 21 days
	post irradiation and mean equivalences calculated between T14 and T21. (G) Survival curves of
	tumor-bearing	
	±	
	±	

One electronvolt (eV) equals around 1.6 x 10 -19 joules (and 1 J = 1 kg*m 2 /s 2 ). The photon energy can be expressed as: E = h*ν = h*c/λ, with E: energy, h: Planck constant, ν: frequency, c: speed of light, λ: wavelength. The irradiation dose with the unity gray (1 Gy = 1 J/kg) describes the energy that X-ray photons depose into irradiated tissues.

In general, hypoxic tumors can more easily escape cell death and are rather prone to be radioresistant, whereas in well-oxygenated tumors, O2 may react with damaged DNA and impair proper repair.

An "equivalent" approach in animal models is termed dose-response curve. Instead of assessing the survival of cells (in culture) after exposure to a given irradiation dose, animal survival or other end points, such as tumor control or toxic reactions in normal tissue, are set in function to the irradiation dose to establish these dose-response curves.

In the open field test, thigmotaxis refers to the preference of animals to stay close to walls.

The increase in tumor cell destruction with increasing microbeam width was also confirmed in vitro (75 µm presented the most efficient width), but this stresses the need to test irradiation configurations in living organisms in which normal tissue complications play a preponderant role besides sole tumor cell killing.

The hospital BB25 Gy group was excluded from the statistical analysis at 6 months p.i. due to small sample size (n=3), which might have resulted in erroneous interpretations. Nevertheless, behavioral parameters and other observations of this group were depicted on graphs, but we advise caution when concluding from such a small sample size.

Note that the authors refer to doses and latency periods at which 50% of rats in the corresponding group showed a certain event such as WM necrosis. It may be possible that we "missed" those cases due to rather small sample sizes, but this is unlikely given the fact that a striking difference was seen between necrosis occurring in MRT25 treated rats (4/4) versus rats in the hBB25 group (0/4, except for 1 unconfirmed case).

Note that17 and 25 Gy that we refer to are not "real" valley doses as those two groups were composed of 10 Gy MRT valley dose and 7 or 15 Gy BB dose. However, for simplicity reasons, these composed groups were equated to 17 and 25 Gy MRT valley doses, whereas "real" valley doses of 17 and 25 Gy induced acute lethal toxicity. This will be further discussed in the last part of this discussion.

Hair loss and radiation-induced dermatitis were observed in the MRT17 and MRT25 groups, however, they were of transient nature lasting for around two to three weeks, corresponding to the literature (185).

Note that the MRT peak dose was retrieved from so-called "hot spots", i.e. the dose corresponding to the crossings of microbeams.

We use "immobility time" to describe animals not about to actively displace themselves, however, other activities such as grooming or rearing are possible, and likely, throughout this period.

Contrary to standard axial MR images, horizontal T2-weighted images were acquired for the histology groups, which served for tumor localization during cryosectioning in the same horizontal plane.

Note that Dotarem can induce chronic nephrotoxicity (300), however, in our studies animals did not survive long enough to witness this side effect.

Note that a future project has been granted for macrophage analysis after MRT exposures and is planned to start in the beginning of 2021 ("projet libre" PLBIO of the "Institut National du Cancer" INCa).

The most significant complications of TLS are renal insufficiency, cardiac arrhythmia, seizures and death with an onset between 12 hours (251) and up to 7 days after the therapy initiation (252).

In fact, two wigglers are installed within the ID17 beamline but only one of them, the so-called W150, was used in the experiments of this thesis.

Note that myelinated fiber bundles in the caudate nucleus and MRT-induced microcalcifications complicated the correct quantification of cell populations and vessels. We thus chose to conduct quantitative analysis in the irradiated cortex and to focus on the contralateral hemisphere to demonstrate normal tissue effects of MRT surrounding the target.

The geometrical effect of multiport MRT has not distinctly been seen at very low valley doses (up to 5 Gy) in rats, however, the proposed protocol allows a significant reduction of dose per port, i.e. dose delivered to normal tissues, which may be more important than the imminent benefit from the geometrical effect.
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We also evaluated thalamic and hippocampal tissue alterations, shown in Figure 2.39-C and -D. Similar to findings of the caudate nucleus, reduced T2* fit values were seen in the right thalamus after MRT through 5 ports compared with MRT2 (p<0.03), BB therapy (p<0.0001) and untreated brains (p<0.0005, Figure 2.39-C). They were also significantly lower than values found in the contralateral left thalamus of the MRT5 group (p<0.0015). Although T2* fits in the MRT2 irradiated right thalamus did not reach significance, markedly lower values were obtained compared with controls and BB treated rats. Interestingly, no significant differences between MRT, BB or non-irradiated rats were seen for hippocampal T2* fit values (Figure 2.39-D).

Water diffusion was largely unaltered at a late delay after MRT through multiple ports

Apparent diffusion coefficients (ADC), calculated after acquisition of diffusion maps, are depicted in Figure 2.40. Interestingly, significantly decreased whole-brain water diffusion was revealed after BB irradiation compared with MRT and untreated brains (p<0.05, Figure

2.40-A).

In contrast, ADC values did not show significant alterations in whole-brain diffusion one year after MRT2 and MRT5, compared with control rats.

Contrary to the significantly modified T2* values in the irradiated target of the MRT2 and MRT5 groups, ADC data did not reach significance when comparing the left and the right caudate nucleus within groups, neither when contrasting the target of irradiated rats with the RCN of controls (Figure 2.40-B). However, slightly increased water diffusion was observed in MRT treated RCN. Notably MRT2 irradiated rats displayed higher RCN ADC values, though not significant, compared with control animals (p=0.059), while MRT5 scores of the RCN approached those of controls (p=0.469).

Modifications of water diffusion were seen in the thalamus and hippocampus, as higher ADC values were seen in the right thalamus after MRT2 compared with control tissue (p<0.02, 

Establishment of the reference broad beam curve of 9LGS response in rats.

The reference curve fit for 9L response was obtained by plotting the mean tumor volumes measured on MR images at 7, 14 Indeed, irradiation damage led to shrinkage of tumors with an initial shoulder, representing the fraction of cells that were sublethally damaged through low BB doses (4 Gy), whereas the dose-response-curve assumed an exponential slope with increasing doses (10 to 22 Gy).

Once the fraction of cells that were only sublethally damaged disappeared, a level was reached at which every dose increment (≥ 35 Gy) induced mitotic death in a constant number of cells, resulting in complete tumor ablation. For instance, mean tumor volumes at 2 weeks p.i. decreased from 284.5 ± 0 mm 3 

Improved tumor control after irradiation with multiple MRT ports.

Tumor control after multiport MRT exposures with a cumulated valley dose of 10 Gy

We evaluated the effects of additional MRT ports on 9L tumor control by delivering 10 Gy cumulated valley dose using 1 to 5 irradiation ports (MRT1-5) through analysis of MR images, depicted in Figure 3.10. As stated in 3.1.2.4.3, we noticed unexpected death cases in some MRT treated animals from 10 days p.i. onwards, leading to calculated tumor volumes included in the graphs. 36 Tumor volumes acquired on days 7, 14 and 21 post irradiation demonstrated that for any of the irradiation geometries used, the MRT mode significantly improved tumor control compared with 10 Gy BB dose. Only one array of microbeams (MRT1) led to brain tumor volumes that were 1.8-to 2-times smaller than after BB therapy at 7 and 14 days p.i. (p=0.003, Figure 3.11). This increase in tumor control could be reached despite the fact that the peakto-valley volume ratio amounted to 1/8 (peak doses deposited in 50 µm wide paths, spaced 400 µm apart), meaning that 7/8 of tumor cells received a valley dose corresponding to a homogeneous BB dose (10 Gy). 36 Note that these cases only appeared in some of the MRT1 to MRT5 treated rats (10 Gy cumulated valley dose) but neither in BB irradiated animals, nor in low MRT dose groups (1, 2 or 5 Gy valley dose delivered through 2 or 5 ports). The production of X-rays in a synchrotron is based on the acceleration of circulating electrons. This implies that electrons emit energy in form of photons in the X-ray range as they are circularly deviated from their path, and even more so the faster the electrons move. To produce electrons, the synchrotron is equipped with a linear accelerator (linac), or "electron gun", that generates and releases bunches of electrons carrying 200 MeV into a circular booster synchrotron. Within the latter, measuring 300 meters in circumference, the electrons are further accelerated to an energy of 6 GeV. A few times per day, the booster synchrotron releases some of the electron bunches into the storage ring where they circle at almost the speed of light and pass through different types of magnets. Through this process, X-rays (amongst other wavelength photons) are generated and can be used for diagnostic imaging, therapeutic radiation and many other research fields. Since the electrons lose energy through the emitted photons, radiofrequency cavities are installed within the storage ring to resupply this energy. The thin X-ray beams that are periodically emitted, tangentially to the curved electron path, are each directed towards individual, straight beamlines where experiments take place. A schematic illustration of the synchrotron structure is given in Figure 6.1.

Undulators and bending magnets

At the ESRF, the storage ring measures 844 meters in circumference and it is divided into 64 sections of which half are straight and half are curved, arranged in an alternating order.

Two large bending magnets are located in each curved section in order to force the electron bunches to follow an orbital path. As the electrons pass through these magnets and are deflected from their initial path, they emit energy in form of a spray of photons. These photons, however, cover a wide range of energy, or spectrum, extending from microwaves to hard Xrays. The spray of photons emitted from the bending magnets is therefore less focused (brilliant) than the X-ray beam released from undulators. The latter consist of rather small magnets that are aligned in a row of pairs in which each pair creates a magnetic field with a polarization opposite to the adjacent pairs. The electrons are thus obliged to undergo oscillations while passing through the "tunnel" of magnets. As they take on a wave-like path, 3. 200 µl per section of 10% DNS (Donkey Normal Serum, reference no. UP77719A, Interchim Uptima) were applied for 1 hour at 4°C. 4. 200 µl/section of the primary antibody, diluted in 5% DNS, were allowed to bind for one night at 4°C. 5. Sections were washed in cold PBS (5 x 3 minutes).

6. 200 µl/section of the secondary antibody, diluted in 5% DNS, were applied for 2 hours at 4°C. 7. Sections were washed in cold PBS (5 x 3 minutes).

8. 1-2 drops of aqueous permanent mounting medium were spread out on each section, which enabled the placing of a thin cover slip above the two sections.

Once the mounting medium had dried so that the cover slip would no longer move, the edges were sealed with regular nail polish and the slides were cleaned with 100% ethanol to remove particles that might lead to artifacts during microscopic analysis.

Immunohistochemical labeling of cell populations to be done

Due to the particular circumstances during the last year of this thesis, not enough time was available to finish the following indispensable colorations. They will be executed in due time and will be included in the publication which is in preparation. Cell proliferation will be determined using rabbit Ki-67 antibody (reference no. RM-9106-S1, Thermo Fisher Scientific, dilution 1/3000) as Ki-67 is a nuclear protein that is present during all active phases of the cell cycle (G1, S, G2 and M), but it is absent in the G0-phase of resting cells (248). More specifically, neurogenesis will be detected via application of mouse anti-BrdU antibody (reference no. 347580, BD Biosciences, dilution to be determined, possibly incubation in 1-2 M HCl for DNA hydrolysis). Since the anti-BrdU antibody binds to a previously incorporated brominated analog of thymidine (280), 6 animals in each group were i.p. injected with 5-Bromo-2′-deoxyuridine (BrdU, reference no. B5002, Sigma-Aldrich, 150 mg/kg, 20 mg/ml diluted in warm saline) two hours prior to euthanasia to enable detection of proliferative activity of neurons at 10 months post irradiation. BrdU provides a reliable method for quantifying the rate of DNA synthesis via the substitution of the endogenous DNA base thymidine (248). This technique is the principal method of studying neurogenesis, however, as BrdU can be incorporated into DNA only during the S-phase of the mitotic process, a co-staining with Ki-67 has been recommended (281, 282). In order to co-label neurons, the nuclear maker mouse NeuN antibody (reference no. MAB377, Merck, dilution 1/5000) will be used. It has been shown that NeuN represents a nervous system-specific nuclear regulatory molecule which appears early in development and persists in adulthood (283). Thus, the combined staining of proliferating cells and neurons will help to determine neuronal survival and neurogenesis, which are, together with inflammatory and apoptotic reactions, important factors related to The frequency of animal detection in a specific position, transformed into time spent in that position, is represented as a color where blue shows few time and red a long cumulated time (in seconds) spent in that region. Note that background images could not be displayed when multiple arena settings were used within one group (e.g. separate settings for acquisitions obtained on day 1, day 2, etc. of testing). NOR: novel object recognition.

Results

General veterinary observations: Case reports

Two out of 8 animals in the MRT5 group died 11 and 12 months after MRT5, presenting different clinical signs. One rat suddenly lost 14% of his maximum weight within one week, whereas the other one had a longer medical history with gradually declining body weight. The former regained weight at first, after having his incisors trimmed and being offered wet mesh, but died nevertheless two weeks after the initial weight loss and 11 months post exposure (explaining the slight group mean weight loss at T324 and T337 p.i., Figure 2.32-A/B). The latter presented paralysis of the right hind leg starting at 11 months p.i., while paw proprioception was maintained. This paralysis did not further evolve for 6 weeks and the animal showed otherwise good well-being and stable body weight. However, shortly before death, both hind legs became affected by paralytic processes and the rat's weight dropped to 88% of his maximal body weight.

One other rat irradiated through 5 MRT ports showed noticeable behavioral changes starting at approximately 8 months post exposure. We first observed aggressions towards the two other rats in his home cage and, despite failed attempts to regroup the animal with two other rats, we had to house him alone until the end of the study. Two months after the initial observations, the rat also became aggressive upon handling which is why he had to be excluded from the rotarod test at 12 months p.i.. However, when left alone, the rat appeared calm and not overly stressed and did not display abnormal eating, drinking or grooming behavior.

Two other animals in the same group showed minor clinical signs, at 8 and 10 months p.i., respectively; one rat displayed mild periorbital inflammation of the right eye and the other rat had a small skin wound in the left caudal abdominal compartment. Both animals recovered quickly under appropriate treatments (i.e. Fradexam® application for 8 days in the former case and skin disinfection in the latter case). We noticed another case of skin lesion in the MRT2 group at 11 months p.i. (wound on the neck that might have been induced by self-mutilation), which resolved after regular cleaning and disinfection. No other rat showed clinical apparent signs of discomfort, neurologic troubles, behavioral impairment or physiologic abnormalities. 4. In order to determine the number of MRT ports necessary to obtain the same MST as reached after 35 Gy BB irradiation, dose at which a plateau of long-term survivors was seen, subsequent calculations were conducted. Assuming an exponential increase of MST with additional MRT ports, compared with an increasing BB dose, we applied an exponential growth equation:

Histological analysis

Delineation of regions of interest

Here, Y0 is the Y-value when X is zero and K is the rate constant, expressed in reciprocal of the x-axis units, i.e. the inverse of number of MRT ports. Thus, the number of MRT ports (X), corresponding to 35 Gy BB dose (Y) could be calculated by rearranging the formula:

The number of MRT irradiation incidences was then depicted on the right y-axis, compared with the corresponding BB dose (left y-axis), with regards to the resulting MST (x-axis). These 

Behavioral Tests of Normal Rats

Normal rats (n = 22) were tested for cognitive and motor function 0.5, 2, 6, and 12 months post irradiation (p.i.). Results were compared to behavioral patterns of unirradiated normal control rats (n = 10). Testing included an open-field (OF) test; novel object recognition (NOR) tasks; a motor function and coordination test (Rotarod). Procedures were carried out according to previous protocols [19]. Detailed procedures are described in Supplementary Materials.

Tumor Cell Implantation and Randomization

The 9L gliosarcoma cells (n = 10 4 , Sigma-Aldrich, St. Quentin Fallavier, France) were implanted in the right caudate nucleus of ten-weeks-old male Fisher rats (n = 160, Charles River Laboratories, Ecully, France) as previously described [20]. Nine days after implantation, all rats underwent T2-weighted magnetic resonance imaging (MRI). The animals with comparable tumor volume and locations were randomized into groups (n = 6). Group sizes for all experimental conditions are summarized in Figure 3C and Figure S2C.

Radiation Sources, Dosimetry, and Treatments

MRT was performed 10 days after tumor inoculation at ID17 at the European Synchrotron Radiation Facility (ESRF) in Grenoble (France). Details of the irradiation setup and beam properties are given in [15]. Briefly, rats were exposed to single (MRT1) or to multidirectional MRT using 2 to 5 irradiation ports, the latter applied in microbeam mode (8 x 8 mm 2 irradiation field, 19 microbeams, width 50 µm, spacing 400 µm, median beam energy of 90 keV) or, with 2 ports only, in Broad Beam mode (BB2, 8 x 8 mm 2 irradiation field). Both irradiation modalities were performed at a very high dose rate (12-16 kGy s -1 ). Radiation doses were calculated using the hybrid algorithm developed by Donzelli et al. [21]. The peak and valley dose maps were extracted according to the method detailed in Ocadiz et al. [22]. The dose-volume histograms (DVHs) were calculated on these maps. We arbitrarily fixed the upper limit of cumulated valley dose at 10 Gy for the MRT configurations, corresponding to the 10 Gy BB2 dose delivered to the whole tumor; this led to a mean valley dose in the tumor of 9.35 Gy (8.5-10 Gy). Entrance dose prescriptions for the different groups of rats are summarized in Figures 1C and3C, and Figure S2C. The number of days (n) elapsed were noted in the text as follows: Tn (p.i.).

A 5-beam MRT treatment plan has been calculated on a patient bearing a 1 cm diameter brain metastasis from a primary lung cancer. The Gross Tumor Volume (GTV) as well as the Planning Target Volume (PTV) and whole brain (Organ at Risk, OAR) have been contoured. The dose calculations were performed on CT scan images using the hybrid algorithm [21]. The peak and valley dose maps and peak and valley dose-volume histograms were then extracted for the GTV, PTV, and OAR.

Animal Monitoring after Irradiation

Anatomic MRI at 7, 14, and 21 days were performed after irradiation on tumor-bearing 9L rats in order to follow the evolution of tumor growth. T2 Turbo RARE images were acquired in axial and horizontal planes. MRI of normal rats (no tumor; MRT2, MRT5, BB2) was performed on the same magnet at 2, 6, and 12 months p.i. using T2-weighted axial images. A brain diffusion map and 3D T2 star map MGE were also acquired 12 months p.i. in normal animals.

Pathology and Immunohistology of Brain Sections

Tumor-bearing animals not included in survival studies were sacrificed and their brains were removed 7 or 14 days p.i. The brains of normal, not tumor-bearing rats were removed one year p.i. Two coronal cryosections (18 µm thick) of 4 animals in each group and at each sample time point were immunolabeled as described in [13] and detailed in the Supplementary Materials. 

Supplementary Methods

Behavioral tests of normal rats

Rats were first tested on three consecutive days for motor deficits. They were placed on a turning cylinder and time, speed and distance until the animal fell off were scored. Second, explorative behavior was assessed on day 4: rats were placed in an open-field arena (ViewPoint LifeSciences, Montreal, Canada) for 20 minutes with a camera installed above the arena. Movements were analyzed using the Viewpoint software for locomotion (time and distance travelled in the whole field (WF) and the center zone) and thigmotaxis ("wall hugging", inversely expressed as entries into the center). Third, the NOR task was performed on day 5. Four hours after animals were habituated to two identical objects, memory function was tested when one of the two objects was replaced with a novel object. During habituation and testing, animals were allowed to move freely within the arena for 10 minutes. Time spent exploring the novel object was calculated as percent of the total time spent exploring both objects. A score >50% indicates more time spent on exploration of the novel object. Statistical analysis was performed with GraphPad Prism® using two sided ANOVA Turkey's multiple comparison test.

Pathology and Immunohistology of brain sections

Vessel morphology was analyzed using Coll-IV (Southern Biotech, 1340-01, 1/500), RECA-1 (Bio-Rad, MCA970R, 1/300) and GLUT-1 (Thermo Fisher, RB 9052-P1, 1/1000). Cell proliferation and DNA damage were visualized using Ki-67 (Thermo Fisher, RM 9106-S1, 1/3000) and Histone H2AX (Merck, 05-636, 1/500), respectively. Macrophage populations were labeled with CD68 (Eurobio, ABC117-6714, 1/1000) and CD11b (Bio-Rad, MCA275R, 1/2000). GFAP (CiteAb, Z0334, 1/500) and NeuN (Merck, MAB377, 1/2000) were used to detect gliosis and neuronal staining, respectively. The oligodendrocyte population was investigated using Olig2 (Abcam, ab109186, 1/2000). Further, other sections were stained using hematoxylin and eosin. Slides were scanned on a ZEISS Axio Scan.Z1 at the Grenoble Institute of Neurosciences (platform "Photonic Imaging Center"); quantitative analysis of vessels and cell populations in the target (tumor or right cortical areas in normal rats) and the contralateral area (left cortical areas) were conducted with the software MoreHisto TM . Multiple unpaired t-test analysis (Holm-Sidak correction) was performed with statistical significance set at p <0.05.

Supplementary Results

Multi-port MRT sparsely affected normal rat behavior

Behavioral tests of rats 2, 6 and 12 months after crossed BB irradiation or MRT through 2 or 5 ports were compared with test results of non-irradiated control rats. Inhibition of anxiety-like behavior after MRT, particularly at early time points after MRT5, was revealed by an increased general whole-field exploration and more time spent in the center zone. Another indicator of the "emotional" state of normal rats was given by levels of defecation. Lower levels of defecation found in irradiated animals compared with untreated rats suggest that irradiation did not induce elevated anxiety levels. Additionally, animals were tested for signs of memory loss when they encountered a novel object. No significant differences between irradiated and nonirradiated animals were observed. However, there were moderate deficits in object recognition after MRT5 compared with other groups. Indeed, control animals spent more time exploring the novel object (novel object investigation time ≥50%) than rats exposed to MRT5 during the entire test (novel object investigation <50%). We also tested motor function and coordination of irradiated animals placed on a turning cylinder. Alterations induced after multiport MRT were not significant, but animals irradiated through 5 MRT ports had slightly higher running scores than other rats between 2 and 4 weeks p.i. However, animals with initially increased locomotion after MRT reverted to levels similar to those of control and BB treated rats between 2 and 12 months post exposure. 

Pathology revealed in-target normal tissue damage

Histopathologic changes after BB2 exposure seen on hematoxylin-eosin (HE) stained sections (Figure S1A) were neither substantial nor conclusive. The right frontal cortex of BB animals appeared to be slightly
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