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Abstract

:

Microbeam radiotherapy (MRT), an experimental high-dose rate concept with spatial fractionation at the micrometre range, has shown a high therapeutic potential as well as good preservation of normal tissue function in pre-clinical studies. We investigated the suitability of MRT as a simultaneously integrated boost (SIB) in conventional whole-brain irradiation (WBRT). A 174 Gy MRT SIB was administered with an array of quasi-parallel, 50 µm wide microbeams spaced at a centre-to-centre distance of 400 µm either on the first or last day of a 5 × 4 Gy radiotherapy schedule in healthy adult C57 BL/6J mice and in F98 glioma cell cultures. The animals were observed for signs of intracranial pressure and focal neurologic signs. Colony counts were conducted in F98 glioma cell cultures. No signs of acute adverse effects were observed in any of the irradiated animals within 3 days after the last irradiation fraction. The tumoricidal effect on F98 cell in vitro was higher when the MRT boost was delivered on the first day of the irradiation course, as opposed to the last day. Therefore, the MRT SIB should be integrated into a clinical radiotherapy schedule as early as possible.
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1. Introduction


The currently available options in the treatment of malignant brain tumors such as anaplastic astrocytoma or glioblastoma multiforme (WHO Grade III and Grade IV, respectively) are limited and the long-term prognosis is poor. This is especially true for multifocal glioblastoma, where the progression-free survival (PFS, time to first recurrence) has been reported as 6.6 months [1]. Multifocality can be explained by tumour cell migration along the so-called Scherer’s structures [2,3,4]. Therefore, beyond local measures such as the surgical removal of visible tumour structures and radiotherapy of the tumour bed including the edema zone, a successful therapeutic approach should include a treatment component which eliminates tumour cells that have migrated to locations distant from the primary tumour site.



Historically, a statistically significant increase in survival time has been achieved with the introduction of a simultaneous radiochemotherapy protocol including temozolamide [5]. However, patients become refractory to the chemotherapeutic compound. The reported overall median survival of patients with glioblastoma multiforme is little more than one year [6,7]. Median overall survival appears to be slightly better for female (16.9 months) as compared to male patients (15.7 months) and males seem to be more frequently affected than females [8]. While the more recent introduction of the CeTeG radiochemotherapy protocol might add a few more months to survival for patients with a methylated MGMT promotor [9], the overall prognosis is still far from satisfactory.



Since the introduction of simultaneous radiochemotherapy with temozolomide, an up to 21.5% increased number of patients is seen with tumor recurrence, with a positive correlation to supraventricular tumor location and methylated MGMT status [10,11]. Therapeutic options are a second surgical intervention and re-radiotherapy. Considering the migration patterns of malignant brain tumour cells, whole-brain radiotherapy (WBRT) would appear to be a logical choice. However, WBRT with current clinically established radiotherapy techniques is not considered an option for treatment of the primary tumour because the high X-ray doses required to control the brain tumor cells would cause an extremely high risk of cognitive dysfunction, especially impaired memory function [12,13].



Microbeam radiotherapy (MRT), a new concept of high-dose rate radiotherapy with a spatial dose fractionation at the micrometer range, might provide a good compromise between a satisfactory tumor control in the entire brain and functional preservation. The therapeutic efficacy of MRT has been demonstrated in several small animal models of malignant brain tumor [14,15,16] while the normal brain tissue tolerance appears to be remarkably high [17,18]. Memory function appears to be well preserved [19].



It has already been shown that MRT that is focused on the macroscopic tumour, as a single fraction or included in a conventional radiotherapy schedule, can control the tumour much better than conventional radiotherapy alone [20,21]. In a model of young adult Fisher rats bearing a highly malignant brain tumour generated from implanted F98 glioma cells, three fractions of conventionally fractionated broad beam irradiation administered by an X-ray generator (orthovoltage range) were followed by two fractions of synchrotron-based MRT [20]. The authors concluded that MRT, delivered as a sequential boost after conventionally fractionated broad beam irradiation at the orthovoltage range, is feasible and more efficient than conventional radiotherapy alone.



We have now, for the first time, explored the concept of WBRT combined with MRT. Our data, obtained in a small animal model, support the idea that microbeam WBRT is feasible and that it can be integrated into a conventional radiotherapy schedule as simultaneously integrated boost without acute adverse effects.




2. Results


2.1. Survival, Behaviour and Normal Tissue Function


In this experiment, no deaths occurred in any of the experimental groups. No signs of increased intracranial pressure, such as circling, expressions of pain or apathy, generalised or focal epileptic seizures occurred in any of the animals. There appeared to be slight weariness and reduction in appetite in all animals which received a five-day irradiation course, associated with slight weight loss (Figure 1). The weight loss was most pronounced in the animals which received an MRT SIB at the end of the irradiation schedule (average of 11.7% on the eighth day after the first irradiation, compared to the initial weight). In the animals who received the MRT SIB at the beginning of the irradiation schedule, the weight loss was approximately equal to that seen in the five-day broad beam schedule (average of 10.0 and 9.1%, respectively, on the eighth day after the first irradiation, compared to the initial weight).



The observation of weariness and inappetence is not dissimilar to the clinical observations made in human patients who receive whole-brain radiotherapy. Furthermore, the need for increased doses of anaesthetics to achieve anaesthesia sufficiently deep to guarantee immobility during the irradiation was noticed in approximately two thirds of the animals, starting with the fourth irradiation fraction, regardless of whether the MRT SIB was the first or the last fraction of the irradiation schedule.



Nissl staining showed thin lines of cell degradation and apoptosis corresponding to the microbeam pattern (Figure 2a). However, the general structure of the tissue remained intact. It has been shown previously that, despite microscopic morphologic defects, tissue function is preserved [18,22]. Applying gamma-H2AX immunostain, we could see a geometrical correlation of DNA double strand breaks with the irradiation pattern, including both a diffuse staining of lower intensity across the entire brain as consequence of the whole-brain irradiation and the typical intense staining in the paths of the microbeams (Figure 2b).




2.2. In-Vitro Study with Clonogenic Assays Using F98 Glioma Cells


A single session of MRT reduced the clonogenic potential of the F98 cells to 61.6% (Experiment 1) and 50.3% (Experiment 2), while the five fractions of conventional broad beam radiotherapy managed to reduce colony counts to 8.7% (Experiment 1) and 5.0% (Experiment 2). When the MRT SIB was administered at the end of the conventional radiotherapy schedule (four fractions BB + MRT SIB), the number of colonies was reduced to 7.0%. There was a trend to improved cell destruction but there was no statistically significant difference in the number of viable colonies, compared to the five fractions of conventional broad beam radiotherapy (BB alone). However, when the MRT SIB was administered at the beginning of the radiotherapy schedule, the number of viable colonies formed was only approx. 1%, which was statistically significant (p = 0.0004) (Figure 3).



Thus, the administration of the MRT SIB at the beginning of the conventional radiotherapy schedule resulted in a reduction of viable tumour cell colonies by two orders of magnitude, while the administration of five fractions of broad beam irradiation or the administration of the MRT SIB at the end of the conventional radiotherapy schedule resulted in five to eight times more viable tumour cell colonies left.



Based on the observations that, in vivo, no acute adverse effects occurred after administration of the MRT SIB either at the beginning or at the end of the conventional radiotherapy schedule and that the reduction of viable tumour cell mass, in vitro, was significantly lower after administration of the MRT SIB at the beginning of the conventional radiotherapy schedule, we conclude that the administration of the MRT SIB at the beginning of the radiotherapy schedule is recommendable.





3. Discussion


The concept of WBRT is well-established for the treatment of patients with multiple brain metastases; often supporting and successfully decreasing or completely ablating neurologic symptoms. Conversely, WBRT has not yet found a place in the treatment of patients with high grade glioma because the toxicity to the normal brain tissue is a limiting factor.



The introduction of simultaneous radiochemotherapy based on the concept of Stupp, has increased the overall survival of patients with high-grade, malignant brain tumors by several months. The number of patients with tumor recurrence has increased by more than 20%, especially in the subgroup of patients with a methylated MGMT promotor, the subgroup with the highest survival benefit [5,7]. Based on the knowledge of tumor cell migration in high-grade gliomas, the incidence of tumour recurrence can be expected to increase further with an increase in overall survival times. Therapy failure can occur due to local or distant tumor recurrence and is likely to be due to tumor cells surviving the first radiochemotherapy. Therefore, patients would benefit from a therapeutic component which eliminates all the tumor cells that have migrated out of the primary tumor site and thus, out of the irradiation field, covering the primary tumor and its surrounding edema zone.



In this preclinical study we have shown for the first time that no acute adverse effects occurred during or within the first days after the end of the irradiation schedule where a single fraction of monoplanar uni-directional microbeam WBRT (MRT SIB) was integrated into a clinical broad beam WBRT schedule. There were no fatalities, no motoric deficits and no signs of intracranial pressure, such as decreased activity, loss of appetite, epileptic seizures or circling, regardless of whether the MRT SIB was introduced in the beginning or the end of the irradiation schedule.



Other than in clinically established radiotherapy techniques, where the gantry is moved around the patient, the synchrotron beam used for microbeam irradiation at the ESRF is fixed in position and the patient needs to be moved through the beam to irradiate the entire target volume. Therefore, contrary to WBRT with broad beam techniques, where irradiation is delivered from two coplanar ports positioned at an angle of 180°, MRT was administered from one port and in one direction only, because patient re-positioning for MRT with the accuracy that would be required to match the paths of the microbeams of the first MRT fraction exactly is impossible with the currently available techniques. However, it has already been shown that two boost fractions of monoplanar uni-directional MRT focused on the tumour site, administered in different planes after a conventional radiotherapy schedule for focal tumours, increases survival significantly [20]. On the basis of our observations in the present study, we suggest delivering the MRT SIB to the side of the hemisphere in which the tumour is located.



To further increase the recurrence-free survival interval after re-RT, one could cross the WBRT microbeams coplanar at an angle of 90° to include the location of the macroscopic tumor recurrence only. This would result in microbeam peak doses of 348 Gy, a dose that did not cause serious adverse effects and impacted only minimally on new memory formation in earlier studies [18,19]. The crossed beams, covering part of the normal brain tissue, would result in a nominal valley dose of 8 Gy, which should be below the accepted threshold for cerebral necrosis. Tumor cells respond to MRT differently than normal brain cells. Malignant tumor cells, with their much higher proliferation rate, compared to normal brain tissue, have a much higher potential to incur radiation-induced damage. Furthermore, it has been reported that the tumour vasculature is much more sensitive and therefore liable to get damaged by microbeam irradiation, rather than mature, normal blood vessels [17]. It is important to test these characteristics of MRT in veterinary patients, since some breeds of dogs suffer from brain tumors very similar to those seen in human patients, in both histological characteristics and the course of the disease [23]. Based on data obtained in small animal models, MRT may also help to control malignant melanoma [24] and lung cancer [25].



The 5 × 4 Gy WBRT schedule is typically used to treat patients with multiple intracerebral metastases in an advanced stage of the disease. We have chosen this clinical irradiation schedule for logistic reasons and also to demonstrate that the WBRT MRT SIB concept would be a suitable alternative in the treatment of patients with multiple brain metastases. For the treatment of recurrent glioblastoma, a 13 × 3 Gy schedule with a focal EQD2 of 48.75 Gy and a biologically equivalent dose (BED) of 97.5 Gy is more common. The EQD2 in our study was 30 Gy and the BED was 60 Gy in the entire brain, based on the valley dose alone. Based on the valley dose again, one additional fraction of 4 Gy broad beam irradiation would bring the EQD2 in the entire brain up to 36 Gy and the BED up to 72 Gy. However, this may not be necessary if an MRT SIB is administered. Differential effects between normal and tumor tissue have been widely reported in the literature of high dose rate synchrotron MRT. The effects of ultra-high dose rates (also called FLASH dose rates) have been shown to significantly reduce normal tissue toxicity while being as efficient as conventional dose rate radiotherapy with regard to tumour destruction. Furthermore, the impressive therapeutic ratio combined with the exceptional resistance of normal tissues to MRT may at least partially be attributed to its unique dose–volume effect [26].



The results of the in vitro study in F98 glioma cells, accompanying our small animal study at irradiation conditions similar to those used for the in vivo study, show that one single fraction of monoplanar MRT significantly decreased the clonogenic potential of the tumour cells when integrated in a conventional broad beam radiotherapy schedule of five subsequent irradiation fractions, compared to either non-irradiated controls or cells irradiated with only one single fraction of MRT. We have observed that the smallest number of viable tumor cell colonies was seen at the end point of the observation period when the MRT SIB was administered at the beginning, rather than at the end of the irradiation schedule.



These results suggest that, to prevent multifocal tumor development, the elimination of tumor cells outside of the primary irradiation target should be approached early in the treatment process, to minimise the risk of clonogenic tumor growth outside of the irradiation field covering the primary tumor site.



A further important argument for the integration of the MRT SIB at the beginning rather than the end of the broad beam radiotherapy schedule: broad beam irradiation will predictably induce radiogenic damage to the tumor-supplying vasculature. This could significantly increase the risk of potentially fatal edema development or hemorrhage.



Once MRT has technically matured to the stage where it can be safely administered to human patients, it may become an important therapeutic component in the therapy of patients with high-grade, malignant brain tumors. A combination of MRT and conventional broad beam irradiation can increase the potential to deplete tumor cells and decrease the clonogenic potential, ensure a higher radiation tolerance in organs of risk, and thus improve patient safety. For recurrent tumors, a WBRT MRT SIB integrated into a conventional radiotherapy schedule might reliably eliminate tumor cells which have survived the first radiochemotherapy.




4. Materials and Methods


The experiments were conducted at the biomedical beamline ID17 of the European Synchrotron Radiation Facility (ESRF) in Grenoble, France (permit number 14ethax210 of the ESRF Ethics Committee, ETHAX 113, authorisation 28 May 2015).



4.1. Animal Model


Forty adult C57 BL/6J mice were used for this study, distributed into four experimental groups (n = 10/group):



Group 1 received five single fractions of 4 Gy WBRT on five subsequent days.



Group 2 and Group 3 received four fractions of 4 Gy WBRT on four subsequent days. In addition, the animals in Group 2 received on the fifth day one single fraction of WBRT MRT with a valley dose of 4 Gy while the animals in Group 3 received one single fraction of WBRT MRT with a valley dose of 4 Gy on the first day of the irradiation schedule. In other words, all animals of Groups 1–3 received 5 × 4 Gy delivered to the entire brain. On top of this (as a simultaneous boost), the animals in Group 2 and Group 3 received a microbeam peak dose of 174 Gy, which was calculated based on the target valley dose of 4 Gy. The beam geometry was recorded on self-developing radiosensitive Gafchromic™ film. The concept of the simultaneously integrated boost is frequently used in clinical radiotherapy, to increase biological efficacy and to shorten the overall treatment time in the interest of the patient, increasing the patient’s quality of life. The animals in Group 4 served as non-irradiated controls.




4.2. Irradiation Sources


Broad beam irradiation with an X-Ray generator (BB): broad beam radiotherapy was delivered using a conventional X-ray Generator (Philips) with a 0.2 mm copper filter at an Energy of 200 keV. The dose was measured in a water phantom at 1 cm depth.



Synchrotron source: At ID 17, the synchrotron-generated photon beam was modified by a wiggler set to its minimum gap (24.8 mm) in irradiation mode, to benefit from the maximum available photon flux, and passed through a set of Cu and Al filters. The spectrum used for MRT at this beamline is typically 50–350 keV, with a maximum intensity at approx. 105 keV [27]. The study was conducted in a lead-shielded hutch enclosure of the Insertion Device (ID) 17 beamline at the ESRF [28].



An array of quasi-parallel microbeams with an individual beam width of 50 µm spaced at a centre-to-centre distance of 400 µm was generated by inserting a fixed-space tungsten multislit collimator into the incident beam [29]. Previous experiments in small animal models with different beam configurations have shown those parameters to be a good compromise between therapeutic efficacy and the preservation of normal tissue function [30]. At the irradiation target, the microbeam array produces an inhomogeneous dose distribution, characterised by a repetitive pattern of high-dose (peak dose) zones and low-dose (valley dose) zones. A high peak-to-valley dose ratio (PVDR) is essential for good normal tissue preservation. A fast dose deposition is required to preserve a steep dose decrease at the microbeam edges and limit dose blurring at the beam edges through physiologic movement like heartbeat or breathing. The dose rate was measured by a semiflex ion chamber (PTW, Freiburg, Germany), scanning vertically through the beam at 100 mm/s, a 2 × 2 cm field at 2 cm depth in solid water. At machine storage ring currents between 152 and 198 mA, dose rates of approximately 70 Gy/s/mA were achieved at the irradiation position. Thus, the peak doses required in this study were delivered within a few seconds. Currently, this irradiation technique is only available at high energy synchrotron sources.



The rats were positioned prone, on top of a 3-axis Kappa-type goniometer (Huber, Rimsting, Germany). Three prosilica cameras (Allied Vision Technologies GmbH, Stadtroda, Germany) allowed a reproducible positioning of each animal. The microbeam irradiation of the entire skull was performed by a vertical translation of the rat through the beam. A fast shutter system [31], positioned upstream from the multislit collimator and synchronised with the vertical translation of the goniometer, allowed for the precise selection of the irradiation field and the pre-calculated speed, taking into account the decreasing current in the machine, thus precisely ensuring the delivery of the intended dose.




4.3. Dose Calculation and Modelling


Calculations for the dose distribution inside the tissue (equivalent to 1 cm depth in water) were provided using Monte Carlo simulations in the toolkit GEANT4 version 10.4.2. All simulations used the Livermore low energy physics libraries, and range cut-offs for electrons and photons were set to 1 µm. Simulations were performed in its semi-adjoint form [32] and the source model was adapted from [33]. The field size was 20 × 20 mm² for the in vitro experiment and 8.5 × 18 mm² for the mouse experiment. The microbeams hit the water phantom of 20 µm width and energy was scored at a mesh size of 1 × 1 × 0.005 mm with the highest resolution perpendicular to the microbeam planes. A total number of 109 photons were simulated following the ESRF preclinical spectrum [27] and collimator leakage with a harder X-ray spectrum was taken into account [33]. Figure 4 shows the simulated microbeam dose profile for the in vitro exposures.



In the centre of the radiation field the maximum peak dose in the in vitro and in vivo experiment was 174 Gy. The maximum valley dose was 3.5 and 4.4 Gy in the in vitro and in vivo exposures, respectively. However, the valley doses varied substantially across the radiation field and were around 30% lower at the field edges.



To compare the highly inhomogeneous dose distribution of the X-ray microbeams with BB exposures, the concept of equivalent uniform dose (EUD) was used as originally defined by Niemierko [34]. The EUD is the homogeneous dose that leads to the same cellular survival as an inhomogeneous dose distribution, assuming that cells react independent of each other to the local dose they receive according to the linear quadratic model (LQM). The LQM parameters α and β were assumed to be 0.1 Gy−1 and 0.05 Gy−2. Hence, the EUD was retrieved by equating the homogeneous and inhomogeneous survival using


   S ¯  = e x p  (  − α · E U D − β ·  EUD 2   )  =  1 V    ∫  V   d 3   r  →      e  − α · D  (  r  →   )  − G · β ·  D 2   (  r  →   )    .  











For the mice treatments the EUD at a 1 cm depth (approximately the position of the brain) was 4.7 Gy and in the in vitro exposures were 6.0 Gy. The EQD2 of the entire course of the fractionated treatment for the BB only (5 × 4 Gy), the in vivo MRT SIB + BB (4 × 4 Gy + 6 Gy) and in vitro MRT SIB + BB (4 × 4 Gy + 4.7 Gy) was 30, 32 and 36 Gy, respectively.




4.4. In Vivo Model


Adult C57 BL/6J mice (Charles River, France) weighing between 280 and 320 g were used for the normal tissue response study. The animals were housed and cared for in a temperature-regulated animal facility exposed to a 12-h light/dark cycle.



Irradiation was conducted under general anaesthesia, induced by inhalation of 1.5–2% Isoflurane in compressed air and upheld by an intraperitoneal injection of a Ketamine and Xylazine cocktail (Ketamine 1 mg/10 g, Xylazine 0.1 mg/10 g). The anaesthetised mice were placed on a special positioning device in prone position, with the front teeth hooked into a holding device to assure a reproducible position.



Irradiation on the conventional X-ray generator for broad beam irradiation was conducted from above, in a dorsal-to-ventral direction. MRT was conducted in right-to-left lateral direction.



Prior to MRT, a 2D X-ray image was obtained, after which the target position was corrected, if necessary, to target the brain only and spare other tissue as much as possible. The animals were sacrificed at 24 and 72 h after the last irradiation. The brains were carefully extracted from the skull, fixed in 10% phosphate-buffered formalin for 24 h and then stored in 1× PBS for later processing.




4.5. In Vitro Model


In order to assess whether the irradiation schedule tested in our experiment would be tumouricidal in glioma cells, we conducted an in vitro study using the commercially available F98 glioma cell line (CRL-2397, ATCC, Manassas, VA, USA, rodent origin). Due to characteristics such as a high proliferation rate and invasive growth into normal brain structures, F98 glioma cells are frequently used to simulate the malignant human brain tumor glioblastoma multiforme [35]. Furthermore, F98 glioma cells are considered highly radioresistant [35,36]. This cell line is well established in our laboratory for both in vitro and in vivo studies. Thus, we can potentially follow up this in vitro experiment with an in vivo study. The cells were cultivated in growth medium containing DMEM (31966-21, Gibco), 10% fetal bovine serum and 1% penicillin/streptomycin mixture and harvested after aspirating the growth medium and incubating for approximately 20 min in a calcium- and magnesium-free medium in a standard incubator.



Exponentially growing F98 cells were split into seven groups. The cells in these groups were irradiated according to the same schedules used in the in vitro study. The samples in Group 1 and Group 4 were submitted to 5 × 4 Gy fractions of broad beam irradiation (BB), administered on five subsequent days. The samples in Group 2 and Group 5 received one single fraction of MRT only, administered on the last day of the irradiation schedule in Group 2 and on the first day of the irradiation schedule in Group 5. The samples in Group 3 and Group 6 received BB of 4 Gy daily for four days, in Group 3, the last irradiation fraction was delivered as MRT SIB and in Group 6, the first irradiation fraction was delivered as MRT SIB. The samples in Group 7 served as non-irradiated controls.




4.6. Analysis


Clonogenic assay: Into T25 flasks, 200 F98 glioma cells were seeded 24 h prior to the first day of irradiation, taking care to achieve a homogenous distribution of single cells across the bottom of each flask. Thus, each viable cell could generate its own colony.



The clonogenic assay samples were submitted to the same irradiation schedule as described above. Six days after the last irradiation, the colonies were terminated, adding a 10% buffered formaldehyde solution and stained with 1% Cresyl violet. Each colony with a size of 50 cells or more was counted, assuming that each colony had arisen from one single glioma cell. The data were analysed using the unpaired t-test (GraphPad Prism software).



Histology and immunohistochemistry: The formalin-fixed brains were sectioned 5.0 µm thick, mounted on microscope slides (SuperFrost® Plus, R. Langenbrinck, Germany) for Nissl staining or with gamma H2AX antibody as described previously [37]. Briefly, the tissue sections were deparaffinised and rehydrated by passing them through a series of alcohol and xylene washes, followed by vapour-based heat epitope retrieval in a citrate solution at pH6 (Target retrieval solution, Dako, Germany) at a temperature of 95 °C for 40 min. The tissue sections were then blocked with 100 μL of 1× PBS, 5% goat serum, and 0.3% Triton X-100 buffer for 60 min at room temperature, followed by incubation with gamma H2AX (Abcam 22551, Cambridge, UK) as the primary antibody at a dilution of 1:100 for 1 h at room temperature. Finally, the tissue sections were incubated with Alexa Fluor 488 at a dilution of 1:200 (Thermo Fisher Scientific) as the secondary antibody and DAPI for 1 h at room temperature in the dark. After rinsing thoroughly with PBS, the slides were cover-slipped with Dako Fluorescent Mounting Medium (Dako North Amerika Inc., Carpinteria, CA, USA) and stored in the fridge.



This immunostaining utilises antibodies against the histone 139 which is only accessible after DNA-double-strand-breaks like those subsequent to irradiation. We have shown previously that the gamma H2AX antibody with a DAPI nuclear counterstain can be used as a reliable parameter in the assessment of DNA damage after MRT [37]. Microphotographs were obtained using a fluorescence microscope (Olympus BX61) with an attached camera (Olympus DP80) and computer link. For the immunofluorescence of the gamma H2AX stain, the excitation wavelength was 544 nm with an emission at 488 nm.





5. Conclusions


The results of our study could be a first suggestion that, if conventional broad beam radiotherapy is combined with an MRT SIB the latter, and administered early rather than late in the course of radiotherapy, this can elicit more efficient results than broad beam radiotherapy alone. Further data are required to decide on the optimal dose concept and timing of the MRT boost.







Author Contributions


Conceptualization, E.S., F.J.; methodology, F.J., E.B.-K., S.B. and E.S.; formal analysis, F.J. and E.S.; investigation, F.J., E.B.-K., J.L., H.B., M.S., J.S. and E.S.; resources, E.B.-K., S.B., G.H. and E.S.; data curation, F.J., G.H. and E.S.; writing—original draft preparation, F.J. and E.S.; writing—review and editing, F.J., S.B., J.L., H.B., G.H. and E.S.; supervision, E.S., G.H.; project administration, E.S.; funding acquisition, E.S. All authors have read and agreed to the published version of the manuscript.




Funding


Travel to and accommodation during the synchrotron experiment were supported by an EU travel grant (no grant number) and E.S. is funded by grant SCHU 2589/7-1 of the German Research Foundation (DFG).




Institutional Review Board Statement


The animal study protocol was approved by the Ethics Committee of the European Synchrotron Radiation Facility (ESRF) in Grenoble, France (ETHACS) (permit number 14ethax210, ETHAX 113, date of authorization: 28 May 2015).




Informed Consent Statement


Not applicable.




Data Availability Statement


Data as reported in this study, further inquiries can be made to the primary investigator (E.S.).




Acknowledgments


We thank Andreas Wree for suggesting the Nissel stain for analysis and Frauke Winzer or training F.J. in the art of histological sectioning. We thank Charlène Caloud at the ESRF animal facility for her dedicated logistic support. We thank the colleagues from the Department of Pathology who technically supported the immunohistochemistry work conducted by F.J. while stationed at the Bundeswehr-Zentralkrankenhaus in Koblenz, Germany.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Syed, M.; Liermann, J.; Verma, V.; Bernhardt, D.; Bougatf, N.; Paul, A.; Rieken, S.; Debus, J.; Adeberg, S. Survival andrecurrence patterns of multifocal glioblastoma after radiation therapy. Cancer Manag. Res. 2018, 10, 4229–4235. [Google Scholar] [CrossRef] [PubMed]

	



Giese, A.; Bjerkvig, R.; Berens, M.E.; Westphal, M. Cost of migration: Invasion of malignant gliomas and implications for treatment. J. Clin. Oncol. 2003, 21, 1624–1636. [Google Scholar] [CrossRef]

	



Laws, E.R., Jr.; Goldberg, W.J.; Bernstein, J.J. Migration of human malignant astrocytoma cells in the mammalian brain: Scherer revisited. Int. J. Dev. Neurosci. 1993, 11, 691–697. [Google Scholar] [CrossRef]

	



Scherer, H.J. Structural development in gliomas. Am. J. Cancer 1938, 34, 333–351. [Google Scholar]

	



Stupp, R.; Mason, W.P.; van den Bent, M.J.; Weller, M.; Fisher, B.; Taphoorn, M.J.; Belanger, K.; Brandes, A.A.; Marosi, C.; Bogdahn, U.; et al. European Organisation for Research and Treatment of Cancer Brain Tumor and Radiotherapy Groups; National Cancer Institute of Canada Clinical Trials Group. Radiotherapy plus concomitant and adjuvant temozolomide for glioblastoma. N. Engl. J. Med. 2005, 352, 987–996. [Google Scholar] [CrossRef] [PubMed]

	



Adeberg, S.; König, L.; Bostel, T. Glioblastoma recurrence patterns after radiation therapy with regard to the subventricular zone. Int. J. Radiat. Oncol. Biol. Phys. 2014, 90, 886–893. [Google Scholar] [CrossRef] [PubMed]

	



Stupp, R. Stupp trial (5y) 5yOS 10v2% MS 12 v 14.6mo. Lancet Oncol. 2009, 10, 459–466. [Google Scholar] [CrossRef]

	



Patil, N.; Somasundaram, E.; Waite, K.A.; Lathia, J.D.; Machtay, M.; Gilbert, M.R.; Connor, J.R.; Rubin, J.B.; Berens, M.E.; Buerki, R.A.; et al. Independently validated sex-specific nomograms for predicting survival in patients with newly diagnosed glioblastoma: NRG Oncology RTOG 0525 and 0825. J. Neurooncol. 2021, 155, 363–372. [Google Scholar] [CrossRef] [PubMed]

	



Herrlinger, U.; Tzaridis, T.; Mack, F.; Steinbach, J.P.; Schlegel, U.; Sabel, M.; Hau, P.; Kortmann, R.D.; Krex, D.; Grauer, O.; et al. Neurooncology Working Group of the German Cancer Society. Lomustine-temozolomide combination therapy versus standard temozolomide therapy in patients with newly diagnosed glioblastoma with methylated MGMT promoter (CeTeG/NOA-09): A randomised, open-label, phase 3 trial. Lancet 2019, 393, 678–688. [Google Scholar] [CrossRef]

	



Brandes, A.A.; Tosoni, A.; Franceschi, E.; Sotti, G.; Frezza, G.; Amistà, G.; Morandi, L.; Spagnoli, F.; Ermani, M. Recurrence pattern after temozolomide concomitant with and adjuvant to radiotherapy in newly diagnosed patients with glioblastoma: Correlation with MGMT promoter methylation status. J. Clin. Oncol. 2009, 27, 1275–1279. [Google Scholar] [CrossRef] [PubMed]

	



Giese, A.; Westphal, M. Treatment of malignant glioma: A problem beyond the margins of resection. J. Cancer Res. Clin. Oncol. Suppl. 2001, 127, 217–225. [Google Scholar] [CrossRef]

	



Tsai, P.F.; Yang, C.C.; Chuang, C.C.; Huang, T.Y.; Wu, Y.M.; Pai, P.C.; Tseng, C.K.; Wu, T.H.; Lin, S.Y. Hippocampal dosimetry correlates with the change in neurocognitive function after hippocampal sparing during whole brain radiotherapy: A prospective study. Radiat. Oncol. 2015, 10, 253. [Google Scholar] [CrossRef] [PubMed]

	



Sun, A.; Bae, K.; Gore, E.M.; Movsas, B.; Wing, S.J.; Meyers, C.A.; Bonner, J.A.; Schild SEGaspar, L.E.; Bogart, J.A.; Werner-Wasik, M.; et al. Phase III trial of prophylactic cranial irradiation compared with observation in patients with locally advanced non-small-cell lung cancer: Neurocognitive and quality-of-life analysis. J. Clin. Oncol. 2011, 29, 279–286. [Google Scholar] [CrossRef] [PubMed]

	



Eling, L.; Bouchet, A.; Ocadiz, A.; Adam, J.F.; Kershmiri, S.; Elleaume, H.; Krisch, M.; Verry, C.; Laissue, J.A.; Balosso, J.; et al. Unexpected Benefits of Multiport Synchrotron Microbeam Radiation Therapy for Brain Tumors. Cancers 2021, 13, 936. [Google Scholar] [CrossRef] [PubMed]

	



Schültke, E.; Bräuer-Krisch, E.; Blattmann, H.; Requardt, H.; Laissue, J.A.; Hildebrandt, G. Survival of rats bearing advanced intracerebral F 98 tumors after glutathione depletion and microbeam radiation therapy: Conclusions from a pilot project. Radiat. Oncol. 2018, 13, 89. [Google Scholar] [CrossRef]

	



Laissue, J.A.; Geiser, G.; Spanne, P.O.; Dilmanian, A.; Gebbers, J.A.; Geiser, M.; Wu, X.Y.; Makar, M.S.; Micca, P.L.; Nawrocky, M.M.; et al. Neuropathology of ablation of rat gliosarcomas and contiguous brain tissues using a microplanar beam of synchrotron-wiggler-generated X rays. Int. J. Cancer 1998, 78, 654–660. [Google Scholar] [CrossRef]

	



Bouchet, A.; Lemasson, B.; Le Duc, G.; Maisin, C.; Bräuer-Krisch, E.; Siegbahn, E.A.; Renaud, L.; Khalil, E.; Rémy, C.; Poillot, C.; et al. Preferential effect of synchrotron microbeam radiation therapy on intracerebral 9L gliosarcoma vascular networks. Int. J. Radiat. Oncol. Biol. Phys. 2010, 78, 1503–1512. [Google Scholar] [CrossRef]

	



Laissue, J.A.; Blattmann, H.; Wagner, H.P.; Grotzer, M.A.; Slatkin, D.N. Prospects for microbeam radiation therapy of brain tumours in children to reduce neurological sequelae. Dev. Med. Child Neurol. 2007, 49, 577–581. [Google Scholar] [CrossRef]

	



Schültke, E.; Juurlink, B.H.J.; Ataelmannan, K.; Laissue, J.; Blattmann, H.; Bräuer-Krisch, E.; Bravin, A.; Minczewska, J.; Crosbie, J.; Taherian, H.; et al. Memory and survival after microbeam radiation therapy. Eur. J. Radiol. 2008, 68 (Suppl. S3), S142–S146. [Google Scholar] [CrossRef]

	



Potez, M.; Bouchet, A.; Flaender, M.; Rome, C.; Collomb, N.; Grotzer, M.; Krisch, M.; Djonov, V.; Balosso, J.; Brun, E.; et al. Synchrotron X-Ray Boost Delivered by Microbeam Radiation Therapy After Conventional X-Ray Therapy Fractionated in Time Improves F98 Glioma Control. Int. J. Radiat. Oncol. Biol. Phys. 2020, 107, 360–369. [Google Scholar] [CrossRef]

	



Bouchet, A.; Bräuer-Krisch, E.; Prezado, Y. Better Efficacy of Synchrotron Spatially Microfractionated Radiation Therapy Than Uniform Radiation Therapy on Glioma. Int. J. Radiat. Oncol. Biol. Phys. 2016, 95, 1485–1494. [Google Scholar] [CrossRef] [PubMed]

	



Schültke, E.; Trippel, M.; Bräuer-Krisch, E.; Renier, M.; Bartzsch, S.; Requardt, H.; Döbrössy, M.D.; Nikkhah, G. Pencilbeam irradiation technique for whole brain radiotherapy: Technical and biological challenges in a small animal model. PLoS ONE 2013, 8, e54960. [Google Scholar] [CrossRef] [PubMed]

	



José-López, R.; Quintana, R.; de la Fuente, C.; Manzanilla, E.G.; Suñol, A.; Pi Castro, D.; Añor, S.; Sánchez-Masian, D.; Fernández-Flores, F.; Ricci, E.; et al. Clinical features, diagnosis, and survival analysis of dogs with glioma. J. Vet. Intern. Med. 2021, 35, 1902–1917. [Google Scholar] [CrossRef] [PubMed]

	



Fernandez-Palomo, C.; Trappetti, V.; Potez, M.; Pellicioli, P.; Krisch, M.; Laissue, J.; Djonov, V. Complete Remission of Mouse Melanoma after Temporally Fractionated Microbeam Radiotherapy. Cancers 2020, 12, 2656. [Google Scholar] [CrossRef] [PubMed]

	



Trappetti, V.; Fernandez-Palomo, C.; Smyth, L.; Klein, M.; Haberthür, D.; Butler, D.; Barnes, M.; Shintani, N.; de Veer, M.; Laissue, J.A.; et al. Synchrotron Microbeam Radiation Therapy for the Treatment of Lung Carcinoma: A Preclinical Study. Int. J. Radiat. Oncol. Biol. Phys. 2021, 111, 1276–1288. [Google Scholar] [CrossRef] [PubMed]

	



Montay-Gruel, P.; Acharya, M.M.; Gonçalves, J.P.; Petit, B.; Petridis, I.G.; Fuchs, P.; Leavitt, R.; Petersson, K.; Gondré, M.; Ollivier, J.; et al. Hypofractionated FLASH-RT as an Effective Treatment against Glioblastoma that Reduces Neurocognitive Side Effects in Mice. Clin. Cancer Res. 2021, 27, 775–784. [Google Scholar] [CrossRef] [PubMed]

	



Crosbie, J.C.; Fournier, P.; Bartzsch, S.; Donzelli, M.; Cornelius, I.; Stevenson, A.W.; Requardt, H.; Bräuer-Krisch, E. Energy spectra considerations for synchrotron radiotherapy trials on the ID17 bio-medical beamline at the European Synchrotron Radiation Facility. J. Synchrotron. Radiat. 2015, 22, 1035–1041. [Google Scholar] [CrossRef]

	



Thomlinson, W.; Berkven, S.P.; Berruyer, G.; Bertrand, B.; Blattmann, H.; Braeuer-Krisch, E.; Brochard, T.; Charvet, A.M.; Corde, S.; DiMichiel, M.; et al. Research at the European Synchrotron Radiation Facility MedicalBeamline. Cell Mol. Biol. 2000, 46, 1053–1063. [Google Scholar]

	



Bräuer-Krisch, E.; Requardt, H.; Brochard, T.; Berruyer, G.; Renier, M. New technology enables high precision multislit collimators for microbeam radiation therapy. Rev. Sci. Instr. 2009, 80, 074301. [Google Scholar] [CrossRef]

	



Bouchet, A.; Serduc, R.; Laissue, J.A.; Djonov, V. Effects of microbeam radiation therapy on normal and tumoral blood vessels. Phys. Med. 2015, 31, 634–641. [Google Scholar] [CrossRef]

	



Renier, M.; Brochard, T.; Nemoz, C.; Thomlinson, W. A white-beam fast-shutter for microbeam radiation therapy at the ESRF. Nucl. Instrum. Methods A. 2002, 479, 656–660. [Google Scholar] [CrossRef]

	



Bartzsch, S.; Corde, S.; Crosbie, J.C.; Day, L.; Donzelli, M.; Krisch, M.; Lerch, M.; Pellicioli, P.; Smyth, L.M.L.; Tehei, M. Technical advances in x-ray microbeam radiation therapy. Phys. Med. Biol. 2020, 65, 02TR01. [Google Scholar] [CrossRef]

	



Bartzsch, S.; Lerch, M.; Petasecca, M.; Bräuer-Krisch, E.; Oelfke, U. Influence of polarization and a source model for dose calculation in MRT. Med. Phys. 2014, 41, 041703. [Google Scholar] [CrossRef] [PubMed]

	



Niemierko, A. Reporting and analyzing dose distributions: A concept of equivalent uniform dose. Med. Phys. 1997, 24, 103–110. [Google Scholar] [CrossRef] [PubMed]

	



Barth, R.F. Rat brain tumour models in experimental neuro-oncology: The 9L, C6, T9, F98, RG2 (D74), RT-2 and CNS-1 gliomas. J. Neurooncol. 1998, 36, 91–102. [Google Scholar] [CrossRef] [PubMed]

	



Bencokova, Z.; Pauron, L.; Devic, C.; Joubert, A.; Gastaldo, J.; Massart, C.; Balosso, J.; Foray, N. Molecular and cellular response of the most extensively used rodent glioma models to radiation and/or cisplatin. J. Neurooncol. 2008, 86, 13–21. [Google Scholar] [CrossRef]

	



Fernandez-Palomo, C.; Mothersill, C.; Bräuer-Krisch, E.; Laissue, J.; Seymour, C.; Schültke, E. γ-H2AX as a marker for dose deposition in the brain of wistar rats after synchrotron microbeam radiation. PLoS ONE 2015, 10, e0119924. [Google Scholar] [CrossRef]








[image: Ijms 23 08319 g001 550] 





Figure 1. Weight development within 8 days after the first irradiation fraction. The most pronounced weight loss was seen in the animals receiving the MRT SIB at the end of a broad beam irradiation schedule. BB: broad beam radiotherapy, MRT: microbeam radiotherapy. 
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Figure 2. Section through the cerebellum of an adult rat after MRT SIB with a microbeam peak dose of 174 Gy, followed by four fractions of 4 Gy broad beam radiotherapy (BB) on four subsequent days, at 24 h after the last irradiation fraction. Nissl stain with reduced number of cells in the microbeam paths (arrows; vertical scale bar approximates 400 µm) (a) and immunostaining with DAPI counterstain (blue) and gamma H2AX antibody (green), highlighting DNA double strand breaks (b). DNA double strand breaks are especially numerous in the paths of the microbeams. The bright linear paths of the microbeams can be well-visualised in the cerebellum because of the local density of cell bodies. 
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Figure 3. Colony counts of F98 glioma cells submitted to the same irradiation schedules used for the in vivo study. The number of colonies grown as a percentage is shown, compared to the number of cells originally seeded in each flask. MRT: Microbeam radiotherapy, BB: broad beam generated with the X-ray generator. 
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Figure 4. Results from the Monte Carlo simulation for irradiation with an MRT peak dose of 174 Gy at 1 mm depth in water (cell layer of in vitro exposures). 
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