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Introduction

Cancer treatment and radiation therapy in particular are evolving towards individualization. Delivery techniques have become more diverse and complex over the years, and stereotactic radiotherapy now plays a major role among the therapeutic options. In this context, the essential aspect of dose verification is becoming increasingly critical, as delivered dose is more difficult to measure for these techniques, whereas uncertainties and errors present a higher risk in hypofractionated schemes. Besides patient safety and treatment quality, the accuracy of delivered dose assessment is also essential in the development of rapid learning and clinical-decision support systems (CDSS) [START_REF] Lambin | Rapid Learning health care in oncology" -An approach towards decision support systems enabling customised radiotherapy[END_REF]. The aim of such systems is to continuously learn and adapt therapeutic strategies based on a variety of patient data, among which the dose to the tumor and normal tissues. In this prospect, assuming the delivered dose is equal to the dose calculated by the Treatment Planning Station (TPS), regardless of the numerous sources of uncertainty that might affect its value, would likely degrade the conclusions and introduce bias that could not be detected [START_REF] Jaffray | Accurate Accumulation of Dose for Improved Understanding of Radiation Effects in Normal Tissue[END_REF].

The Moderato platform was introduced in a previous publication [START_REF] Reynaert | Clinical implementation of a Monte Carlo based treatment plan QA platform for validation of Cyberknife and Tomotherapy treatments[END_REF]. It is an independent treatment QA platform offering dose re-calculation for complex radiotherapy delivery techniques with Monte Carlo. The system is currently in an early commercialization phase. An effort has been put into the automation and ease-of-use of the platform: the necessary files coming from the TPS are automatically imported and converted to be used in the Monte Carlo code, and results can be visualized in a Graphical User Interface (GUI) in the form of dose distributions and Dose-Volume Histograms (DVH). An evaluation module introduced in [START_REF] Wagner | Use of an in-house Monte Carlo platform to assess the clinical impact of algorithm-related dose differences on DVH constraints[END_REF] was also implemented, and allows generating dose constraints to the organs-at-risk (OAR) based on the literature and the fractionation scheme selected for a specific patient. The user evaluates the plan using visual warnings with a color code that highlights dose constraints violations to the organs, either in the TPS-planned dose or in Monte Carlo calculated distribution of Moderato. The Tomotherapy (Accuray) and the VSI Cyberknife (Accuray, earlier model released before the M6) installed at our institution were modelled and integrated in the platform. The Monte Carlo code selected for these devices was BEAMnrc/DOSXYZnrc [START_REF] Kawrakow | Accurate condensed history Monte Carlo simulation of electron transport. I. EGSnrc, the new EGS4 version[END_REF][START_REF] Rogers | BEAM: a Monte Carlo code to simulate radiotherapy treatment units[END_REF] (although other codes can be used in Moderato). The use of phase-space files and approximation techniques allowed to speed up the simulations substantially, down to a re-calculation time between 15 and 45 minutes.

The latest version of the Cyberknife, the M6, includes a multi-leaf collimator (MLC) besides the 12 circular collimators (5 to 60 mm) integrated in the previous version [START_REF] Asmerom | The design and physical characterization of a multileaf collimator for robotic radiosurgery The design and physical characterization of a multileaf collimator for robotic radiosurgery[END_REF]. The MLC is mounted on the robot as an interchangeable accessory, thus making all targeting and tracking options identical to circular collimators, while increasing the maximum field size to 115x100 mm and allowing to treat larger targets and reduce treatment time.

Two distinct dose calculation algorithms are available in the TPS provided by the manufacturer (Precision, Accuray). The Finite-Size Pencil Beam (FSPB) [START_REF] Jelen | A finite size pencil beam for IMRT dose optimization[END_REF] utilizes stored pencil kernels formed from the difference of two exponential functions. Lateral scatter correction can be included as an option. The second algorithm is simply called "Monte Carlo" in the TPS, and will be named AMC (Accuray Monte Carlo) thoughout this paper to avoid confusion. It is based on the MCDOSE algorithm [START_REF] Ma | A Monte Carlo dose calculation tool for radiotherapy treatment planning[END_REF] and relies on a virtual source model generated during commissioning of the accelerator [START_REF] Ma | Implementation of Monte Carlo Dose calculation for CyberKnife treatment planning[END_REF].

The first objective of this study is the Monte Carlo modelling of the MLC of the M6 Cyberknife device, and its validation through patient plan recalculations and film measurements.

One of the purposes of the Moderato platform is the integration of many medical accelerators from different institutions. This requires modelling several devices of the same model, e.g. the M6 Cyberknife machines installed in different centres. The process of optimizing a Monte Carlo model may require a significant amount of time. The search for the optimal electron beam spot size and energy involves repetitive actions based on the knowledge of the qualitative impact of these parameters on the dose curves, which can take a variable amount of time depending on the amount of information available to the user from the constructor, the simulation time, and the experience.

Several studies have been performed on the determination of electron beam parameters in Monte Carlo models for conventional linacs. Pena et al. [START_REF] Pena | Automatic determination of primary electron beam parameters in Monte Carlo simulation[END_REF] used cost functions to compare simulated and measured lateral profiles and depth dose curves in an iterative process. Conneely et al. [START_REF] Conneely | An investigation into the use of MMCTP to tune accelerator source parameters and testing its clinical application[END_REF] also used simulated data to search for the optimal beam parameters by comparing wide field profiles and output factors.

In the last part of this paper, a method is devised with the aim of accelerating and simplifying this step to avoid the necessity of an "expert" having to optimize the Monte Carlo model for each different centre involved. The method was created from the M6 model and tested on other M6 devices, and is based on simple dose measurements (performed during the commissioning of the accelerator) and a machine learning algorithm.

Materials and methods

M6 Monte Carlo modelling

The M6 Cyberknife (Accuray, Sunnyvale, CA) is a stereotactic radiotherapy device composed of a flattening filter-free 6 MV treatment head mounted on a robot with 6 axes of rotation. Three different heads can be attached to the robot, namely the fixed, iris and MLC head. There are 12 circular collimators for the fixed and iris heads, ranging from 5 to 60 mm diameter at isocentre. Fixed collimators are rarely used as they do not allow variable field size during the treatment session, resulting in significantly longer fraction times. However the fixed 60 mm beam remains the reference field in relation to which all output factors are calculated.

The Incise2 MLC [START_REF] Asmerom | The design and physical characterization of a multileaf collimator for robotic radiosurgery The design and physical characterization of a multileaf collimator for robotic radiosurgery[END_REF] constitutes one of the novelties introduced in the M6 model. It consists of two banks of 26 leaves with 3.85 mm width at 800 mm source-axis distance, 90 mm height and a maximum treatment field size of 115 x 100 mm. The leaves are focused to the direction of the target, after which the whole bank is tilted by 0.5° to reduce interleaf leakage.

The modelling was based on values of off-axis ratios (at source-skin distance SSD = 80 cm and 1.5 cm depth), PDDs and output factors measured in a water phantom during the commissioning of the device with a 60008 diode and a PTW 31014 pinpoint chamber (PTW, Freiburg). The linac was modelled with BEAMnrc [START_REF] Rogers | BEAMnrc Users Manual[END_REF] and the transport in the water phantom with DOSXYZnrc [START_REF] Walters | DOSXYZnrc Users Manual[END_REF]. As the design of the primary part of the treatment head was modified compared to the previous Cyberknife modelled in [START_REF] Wagner | Use of a liquid ionization chamber for stereotactic radiotherapy dosimetry[END_REF], this part was first modelled using measurements from the smallest (5 mm) and largest (60 mm) fixed collimators. The MLC was then added as an additional component module (CM) of the type MLCE. Energy thresholds were set at ECUT = 561 keV and PCUT = 10 keV. Finetuning was performed until a satisfactory correspondence was reached between measured and simulated off-axis ratios, PDDs and output factors for five field sizes (115 x 100 mm, 69.3 x 69.2 mm, 30.8 x 30.8 mm, 15.4 x 15.4 mm and 7.6 x 7.7 mm).

Integration of the M6 model in Moderato

To include the accelerator in the Moderato platform, the BEAMnrc model is integrated as a library and particles exiting the collimator are read and transformed to the patient-specific phase-space file [START_REF] Reynaert | Clinical implementation of a Monte Carlo based treatment plan QA platform for validation of Cyberknife and Tomotherapy treatments[END_REF]. The positions of the nodes, target coordinates and MUs of all beams from a patient plan are retrieved from an xml file (as well as the collimator rotation for the MLC), whereas CT images, structures and doses are imported in Dicom format using the Moderato interface. The CT Hounsfield units (HU) are converted into densities and material composition using CTcreate (BEAMnrc) and an image value to density table (IVDT) obtained with a stoichiometric calibration [START_REF] Demol | Monte carlo calculation based on hydrogen composition of the tissue for MV photon radiotherapy[END_REF][START_REF] Vanderstraeten | Conversion of CT numbers into tissue parameters for Monte Carlo dose calculations: a multi-centre study[END_REF]. Absolute calibration was obtained from the Monte Carlo dose for the 60 mm reference field (Gy/primary history), to provide a calibration factor to be multiplied with the number of MUs in the plan.

After integration, the model was tested on patient plans. Dose distributions from both algorithms included in the TPS (Finite-Size Pencil Beam FSPB and Accuray Monte Carlo AMC) and from Moderato were compared for four tumour sites as introduced in Table 1. The AMC algorithm is routinely used for lung Cyberknife treatments in our department, whereas FSPB calculation is performed for all other indications. Calculations were performed with a spatial resolution of 2 mm. The Precision TPS offers the possibility of creating peripheral fields, which consist of narrow beams designed to cover the edges of the target. This particular shape makes it an interesting candidate to test the accuracy of the algorithms using film measurements.

A batch of radiochromic films (Gafchromic EBT3) was calibrated in dose response using red and blue channels [START_REF] Micke | Multichannel film dosimetry with nonuniformity correction[END_REF]. Calibration films were irradiated at doses ranging from 0.25 Gy to 8 Gy. Exposed films were scanned 24 hours after irradiation at 72 dpi in 48bits-RGB transmission mode using an Epson Expression 12000XL. In order to reduce noise in measured dose distributions, all radiochromic films were scanned 6 times and the median image was computed using the last five scans.

A plan with a single peripheral beam setup was manually created in the Precision TPS (Figure 1) on a phantom consisting of 13 water equivalent plates (PTW RW3, 1 cm thickness) imaged on an Aquilion LB (Toshiba) CT scanner. Dose distributions were calculated using the FSPB and AMC algorithms, with a spatial resolution of 2 mm. The plan was delivered and a planar dose was measured at 4 cm depth using the radiochromic film. Manual matching was performed between the film and the dose planes (applying the same registration to all three dose algorithms). The four 2D dose distributions (FSPB, AMC, Moderato, film) were then evaluated using Verisoft (version 7.2, PTW Freiburg), performing gamma analysis (1%/1 mm and 2%/2mm, local dose) and visual dose profiles comparison. 

Electron beam parameters prediction

The principle of the prediction method is based on the following assumption: by feeding a machine learning algorithm with a number of simulated dose data and corresponding electron beam spot sizes and energies of a given accelerator model, one should be able to predict those parameters when being presented with measured data from a new machine of the same model.

To generate the data necessary for the training of the algorithm, a series of 30 simulated dose distributions were obtained for the MLC 115 x 100 mm and fixed 5 mm beams, while varying beam spot size from 1 to 4 mm and energy from 4 to 8 MeV (Table 2), and leaving the geometry unchanged. These values were chosen to span a sufficient range around the "nominal" value of the accelerator: the energy of 6 MeV comes from the vendor specifications, whereas the spot size range was selected based on the value of 1.95 mm for the previously modelled VSI Cyberknife [START_REF] Wagner | Use of a liquid ionization chamber for stereotactic radiotherapy dosimetry[END_REF] (no spot size value is specified by the manufacturer). Data preprocessing and the prediction algorithm are performed using the Scikit-learn library [START_REF] Pedregosa | Scikit-learn : Machine Learning in Python[END_REF]. The simulated dose profiles are linearly interpolated and arranged in the form of a list of N dose points. Only half the profile in x (leaf travel direction) is used. The PDD at 20 cm depth and the dose ratio at the centre between the fixed 5 mm and the MLC 115 x 100 mm are also used as features (the latter can be viewed as an output factor, with the exception that the 115 x 100 mm beam is used as reference instead of the fixed 60 mm to avoid additional simulations). If , denotes the j-th dose point of the i-th dose profile, the input features become:

, … , ⋮ , ⋮ , … , ⋮ ⋮
Standardization is applied by centering and scaling independently on each column after computing the relevant statistics on the samples. Every row is associated with one pair, the spot size and energy used in the simulation. A Ridge regression model is fitted with the input features, and once training is completed, the model can be asked to predict a spot size and energy from one dose profile, one PDD20cm and an output factor.

The general principle of the algorithm is represented in Figure 2. After this evaluation, a new model is trained with all dose curves in order to be tested with the measured profiles and PDDs from five other institutions (named centre #1, 2, 3, 4 and 5 in the rest of this paper) equipped with a M6 Cyberknife. These measured profiles are displayed in Figure 3 for the 115 x 100 mm beam. The data points were preprocessed in the same way as the input training features, applying the same standardization to the dose points (profiles, PDDs and output factors). The spot sizes and energies predicted by the algorithm were then used to create a BEAMnrc model for each of these unknown devices, without any modification to the geometry of the head. Simulations were run for the 115 x 100 mm MLC and the fixed 5 mm beam, and resulting dose profiles were compared with measurements to assess the quality of the predictions. For the fixed 5 mm beam, the diameter of the secondary collimator in the BEAMnrc input file was allowed to be adapted according to this first comparison as its very small size may vary from one model to another due to machining differences.

Results

M6 Monte Carlo modelling

Best agreement was reached using a gaussian monoenergetic electron beam with a spot size of 2.4 mm FWHM, and energy of 6.75 MeV (using a conventional iterative method based on dose curves comparison). Dose profiles (off-axis ratios) and percentage depth doses (PDDs) were compared for 5 different MLC field sizes, and are shown in Figure 4 and Figure 5 for the largest (115x100 mm) and smallest (7.6x7.7 mm) commissioned MLC beams. Simulated output factors were calculated as the ratios of the doses accumulated in a small voxel (which size depended on the beam size) at the centre of the profiles. Measured and simulated output factors were all within 1 % agreement, as shown in Table 3. 

Integration of the M6 model in Moderato

Re-calculation of patient plans showed excellent agreement between algorithms. Table 4 displays the deviations in terms of median, near maximum and near minimum doses to the targets (GTV, CTV, PTV) for each of the four plans. The dose results from the Moderato interface for the liver and lung cases are given in Figure 6 and Figure 7. A very close correspondence was found for all organs-at-risk. Regarding the targets, the PTV in segment IV-VIII of the liver showed a slightly higher difference (-1.4 %, see Table 4), likely due to its location close to the lung and the inherent limitations of the FSPB algorithm for such interfaces. It is worth noting that all cases planned with FSPB are routinely re-calculated using AMC algorithm for comparison purposes. The lung case results are characterized by less than 1 % deviation to the GTV median doses. A slightly higher difference was noted for the PTV (1.13 %), while remaining largely acceptable.

Gamma analysis for the single beam film measurements described in the methods section is shown in Table 5. Dose points under 10 % of the maximum dose were excluded (this threshold is routinely used for plan quality assurance in our department). Thresholds of 1%/1mm and 2%/2mm were applied. The FSPB algorithm exhibits a lower passing rate than the Monte Carlo methods. The AMC is slightly superior to Moderato, with both algorithms showing passing rates of 94 % or more. Dose profiles were taken for visual evaluation of the differences between the algorithms and the measurements, and are shown in Figure 8 and Figure 9. A similar trend as the one suggested by the gamma analysis can be observed, with the two Monte Carlo algorithms significantly outperforming the FSPB, and a slightly better correspondence for the AMC over Moderato. 

Electron beam parameters prediction

The portion of the 115 x 100 mm dose profile included in the training appeared to have a strong influence on the results: the optimal choice was a range of -50 mm to the origin, thus excluding the penumbra area (Figure 10, right). One dose point was included every 0.5 mm. The optimal alpha parameter is found at each iteration by use of the RidgeCV method (Ridge regression with built-in cross-validation). The optimization through 5 splits (see example on the left of Figure 10) allowed bringing the MAE of the spot size and energy down to 0.3 mm and 0.1 MeV respectively. These values were deemed small enough to test the algorithm on real measured data.

The prediction results from the measurements of the five other M6-equipped institutions are displayed in Table 6. The algorithm execution takes less than 30 seconds to complete (including the training and prediction on the unknown series). The results from the 115 x 100 mm BEAMnrc simulations using the predicted parameters can be found in Figure 11. All devices show deviations of less than 3 % between measured and prediction-simulated profiles, except for centre #1 where the match is somewhat less accurate (up to 6 % in the "shoulder" region). This will be discussed in the next section. The results for the 5 mm fixed collimator are shown in Figure 12. The simulations for centres #1, 3 and 4 were restarted after correcting the size of the secondary collimator in the BEAMnrc geometry (to account for small machining differences), while for centres #2 and 5 no changes had to be made. unlikely to have a strong impact on patient plans, where beam superposition would tend to smooth them out, and where inhomogeneities might constitute a greater source of differences.

The machine learning method introduced in the last section of this work allowed generating predictions of electron beam parameters based on simple dose curves measurements. The first step of the method (the generation of a number of simulated profiles with varying electron beam characteristics) is a long process, but does not require extensive user interaction. The training and prediction steps are then completed in a few seconds. This method has the advantage of reducing the optimization time for a new device to a minimum (as well as the necessity of an expert), at the cost of a large number of simulations at the stage of the first modelling.

Provided the geometry of the accelerator is known, the algorithm was able to determine energy and spot size, which accuracy was verified by running new simulations based on the predicted values. Indeed, while significant differences are present in the 115 x 100 mm dose profiles for the five sites (Figure 3), the results from Figure 11 demonstrate that the algorithm was able to fit those profiles nonetheless. To further illustrate the relevance of this prediction, simulated dose profiles and PDDs are included in Figure 13 for the 115 x 100 mm beam, for a fixed energy and variable spot size, and vice versa. Both spot size and energy have a significant effect on the shape of the dose profiles, which can not be separated by any simple method. These variations show the sensitivity of the dose curves to the beam parameters, reflecting the value of their prediction from measurements.

The energy and spot size values used in the simulations were simply chosen to span a range around the "standard" values obtained in linac models, and more specifically in our two Cyberknife models (E = 7 MeV and FWHM = 1.95 mm for the VSI [START_REF] Wagner | Use of a liquid ionization chamber for stereotactic radiotherapy dosimetry[END_REF]; E = 6.75 MeV and FWHM = 2.4 mm for the M6). It is likely that adding more values inside and outside that range would provide more accurate results. During the cross-validation step, it appeared that test values close to the end of the range were predicted with less accuracy, as is illustrated in Figure 14. The mean absolute error was significantly increased by these "outliers" during crossvalidation. This however did not seem to degrade the predictions on real measured data, as these were farther from the end of the ranges.

As briefly mentioned in the results section, the prediction-based simulated curves for the 115 x 100 mm beam (Figure 11) presented a slightly poorer agreement in the case of centre #1, with differences up to 6 % between measured and simulated dose profiles. This was investigated and might be due to the fact that the full 115 x 100 mm profile presents a pronounced asymmetry, as can be seen from Figure 15. The method presented above takes a half profile as input, which is in this case was an average of the negative and positives parts of the curve (this is also the standard procedure to generate beam data at commissionning stage for the Cyberknife). Our approach thus assumes that dose profiles are close to symmetric. Modelling asymmetry would require modifying characteristics of the source not included in our method, i.e. introducing an angle of incidence for the electron beam.

This proof of concept opens interesting perspectives in the modelling of linear accelerators, especially for the development of Monte Carlo dose verification platforms such as Moderato. The ability to quickly obtain values for the electron beam characteristics would allow significant time gain and spare the necessity of an experienced used when adding new machines in the system. Investigations are currently underway to transfer this method to other devices.

Conclusions

In summary, the MLC-based M6 Cyberknife was successfully modelled in BEAMnrc and integrated in the Moderato platform. Patient plans were re-calculated for different indications and dose algorithms, showing excellent agreement with the results from the TPS. Film measurements confirmed the accuracy of Moderato and AMC for a complex field shape, where the FSPB algorithm proved somewhat less accurate, suggesting AMC should be used when calculating MLC plans, at least as a verification tool. The ML algorithm was developed using cross-validation and applied on a test set to validate the concept of predicting electron beam parameters from profile data. The measurements from other M6 devices could be matched using Monte Carlo simulations generated with predicted spot sizes and energies from the algorithm. This would allow to significantly speed up the integration of new accelerators in Monte Carlo-based verification platforms.

Figure 1 .

 1 Figure 1. The leaf setup of the MLC field used for dose measurements is displayed on the left, and the resulting isodoses at the measurement plane on the right (calculated with the AMC algorithm).

Figure 2 .

 2 Figure 2. Principle of the ML algorithm designed to predict the electron beam parameters of the MC model.Before testing the prediction capability of the model on real measured data, the model performance was evaluated using a random permutations cross-validation. Five splits and a validation size of 0.2 are chosen since it allows a finer control of the proportion of the sample on each side of the train and validation sets. The alpha regularization parameter was optimised over a large range of values. Successive trainings were repeated and the accuracy was assessed using the mean absolute error (MAE) between the predictions and the actual values.

Figure 3 .

 3 Figure 3. Measured 115x100 mm half profiles from the five M6-equipped departments, after SSD correction for centres #1, 2, 3, and 4.

Figure 4 .

 4 Figure 4. Measured (solid curves) and simulated (symbols) dose profiles for the 115x100 mm and 7.6x7.7 mm field size. The x axis corresponds to the leaf travel direction.

Figure 5 .

 5 Figure 5. Measured (solid curves) and simulated (symbols) percentage depth dose curves for the 115 x 100 mm and 7.6 x 7.7 mm field sizes.

Figure 6 .

 6 Figure 6. Dose volume histograms for the liver case re-calculated in Moderato, showing good correspondence between the FSPB algorithm (solid line) and Moderato (dashed line).

Figure 7 .

 7 Figure 7. Dose volume histograms for the lung case re-calculated in Moderato, showing good correspondence between the AMC algorithm (solid line) and Moderato (dashed line).

Figure 8 .

 8 Figure 8. Dose profile in the leaf travel direction (x) : the film dose is shown in blue, and the dose calculated with each of the three algorithms in orange.

Figure 9 .

 9 Figure 9. Dose profile in the direction perpendicular to the leaf travel direction (y) : the film dose is shown in blue, and the dose calculated with each of the three algorithms in orange.

Figure 10 .

 10 Figure 10. Left: Illustration of the optimization of the machine learning algorithm. Three energy values are sampled as the test set (4, 8 and 6 MeV), and the other values are used as the training set. The solutions are displayed on the lines below, as well as the alpha parameters, the R2 score and the MAE of the energy. Right: Portion of the 115 x 100 mm crossplane profile included in the training algorithm (orange line).

Figure 11 .

 11 Figure 11. Comparison between 115 x 100 mm measured (red lines) and simulated profiles generated from predicted electron beam parameters (blue dots).

Figure 12 .

 12 Figure 12. Comparison between fixed 5 mm measured (red lines) and simulated profiles generated from predicted electron beam parameters (blue dots).

Figure 13 .

 13 Figure 13. Dose profiles and PDDs simulated for the 115x100 mm beam, for a fixed energy of 6 MeV and a variable spot size (left), and a fixed spot size of 2 mm with a variable energy (right), illustrating the influence of the electron beam parameters on the simulated dose curves.

Figure 14 .

 14 Figure 14. Example of a test set consisting of two spot sizes of 2.0 and 4.0 mm (values were entered as tenths of mm in the algorithm). The predictions are in the "Solutions" line below: the 2.0 mm spot size is predicted with an error below 0.1 mm, whereas a much larger error is associated with the 4.0 mm spot size, thus increasing the MAE significantly (last line).

Figure 15 .

 15 Figure 15. Off-axis ratio measurements in the leaf travel direction (x) for the M6 Cyberknife of centre #1, where an asymmetry can be observed.

Table 1 . Indications, doses, number of beams, and calculation algorithms for the 4 patients evaluated using Moderato.

 1 

	Indication	Prescribed dose (Gy)	Number of	TPS algorithm
			beams	
	Brain	50.4	31	FSPB
	Pelvis	20	52	FSPB
	Liver (2 targets)	45	45	FSPB
	Lung	54	59	AMC

Table 2 . Values of electron beam energy and spot size used in the simulations generated for the training step.

 2 

	Parameter	Energy (MeV)	Spot size (mm)
		4.0	1.0
		5.0	2.0
	Values	6.0	2.4
		6.75	3.0
		7.25	4.0
		8.0	

Table 3 . Measured and simulated output factors for the 60 and 5 mm fixed collimators, and five MLC beam sizes. All OF values are relative to the 60 mm fixed beam, and percentages of deviation are given with respect to the measured values.

 3 

	Field size	Measured	Simulated	Deviation (%)
	Fixed 60 mm	1	1	-
	Fixed 5 mm	0.653	0.654	0.15
	MLC 115 x 100 mm	1.028	1.023	-0.49
	MLC 69.2 x 69.3 mm	1.013	1.017	0.39
	MLC 30.8 x 30.8 mm	0.986	0.984	-0.20
	MLC 15.4 x 15.4 mm	0.986	0.987	0.10
	MLC 7.6 x 7.7 mm	0.803	0.804	0.12

Table 4 . Dose differences between algorithms after re-calculation in Moderato. Deviations are given in percentages as (1- DTPS/DMod) where DMod and DTPS are the median doses (D50%), dose near-max (D2%) and dose near-min (D98%) obtained in Moderato and the TPS (FSPB or AMC).

 4 

	Indication	GTV (%) D50% D2% D98%	CTV (%) D50% D2% D98%	PTV (%) D50% D2% D98%	TPS algorithm
	Brain	-0.6	0.8	0	0	2.2	0	0.4	2.2	0	FSPB
	Pelvis				-1.5	2.2 -0.5	-1.4	1.8	-1.0	FSPB
	Liver (1st target)	0.4	0.6	0.2	0.4	0.8	0	0.8	0.8	-1.2	FSPB
	Liver (2 nd target)	-1.0	-1.1 -2.1	-1.2	-1.0 -1.3	-1.4	-1.1	-1.6	FSPB
	Lung	0.7	-1.6	2.1				1.1	0.4	0.4	AMC

Table 5 . 3D gamma analysis of the planar measured dose with respect to the three algorithms, with thresholds of 1%/1mm and 2%/2mm. Dose points under 10 % of the maximum dose were excluded.

 5 

	Algorithm	3D Gamma 1%/1mm	3D Gamma 2%/2mm
	FSPB	88.1	92.2
	AMC	97.4	99.9
	Moderato	94.6	99.4

Table 6 . Predicted electron beam spot sizes and energies for the five "unknown" M6 devices.

 6 

	Institution	Predicted spot size (mm)	Predicted energy (MeV)
	#1	2.6	7.2
	#2	1.8	6.8
	#3	2.1	6.5
	#4	2.7	6.7
	#5	2.0	6.5
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Similar results were found for the inplane dose profiles for the 115 x 100 mm and the PDD curves for both fields (not shown).

Discussion

In the first part of this study, a model was built using BEAMnrc/DOSXYZnrc for the Incise2 MLC of the M6 Cyberknife. Good agreement was obtained in terms of dose profiles, PDDs and output factors (within 1 % for all simulated MLC field sizes). The value of the energy in our model (6.75 MeV) is significantly higher than its nominal value of 6 MeV, but remains lower than the 7 MeV of our previous electron beam model for the VSI version of the Cyberknife [START_REF] Wagner | Use of a liquid ionization chamber for stereotactic radiotherapy dosimetry[END_REF]. This is also consistent with the results of Mackeprang et al. [START_REF] Mackeprang | Independent Monte-Carlo dose calculation for MLC based CyberKnife radiotherapy[END_REF] who obtained an energy of 6.8 MeV for their M6 model. Regarding the spot size, the same authors obtained a value of 3.0 mm FWHM, to be compared with 2.4 mm for our model. This difference between devices of the same model highlights the potential interest of the beam parameters optimization method developed in the last part of the present study.

Four patient plans were re-calculated in Moderato to test the typical indications treated with the M6 Cyberknife. The results suggest that Moderato can now be used as a dose verification system for the Cyberknife M6 plans, in view of the good dose agreement for targets and organs-at-risk.

Before starting the treatment of a patient with the M6 Cyberknife, a Delivery Quality Assurance (DQA) is realized, consisting in delivering the beams to a phantom with a measurement device, usually films or a 2D array of ionization chambers. This provides an end-to-end test of the whole treatment. However, such procedures tend to hide small algorithm-related dose differences due to the superposition of a great number of beams. Besides, 2D arrays are sensitive to the angle of incidence of the beams, introducing another source of error that further increases the difficulty in detecting small deviations. For these reasons, the choice was made to focus on a single beam setup and on film measurements in the present study, while trying to create a challenging shape for the dose algorithm. The results show that for such complex beams, a simple algorithm such as FSPB might exhibit significant differences compared to more accurate methods, even in simple homogeneous geometries. This suggests that the use of the AMC algorithm should be encouraged when preparing MLC plans with the M6. The algorithm was tested and validated by several other groups: Heidorn et al. [START_REF] Heidorn | Novel Monte Carlo dose calculation algorithm for robotic radiosurgery with multi leaf collimator : Dosimetric evaluation[END_REF] performed radiochromic film measurements in a heterogeneous slab phantom, and Mackeprang et al. [START_REF] Mackeprang | Benchmarking Monte-Carlo dose calculation for MLC CyberKnife treatments[END_REF] benchmarked AMC against their Monte Carlo model introduced in [START_REF] Mackeprang | Independent Monte-Carlo dose calculation for MLC based CyberKnife radiotherapy[END_REF].

Both AMC and Moderato demonstrated excellent agreement with the film measurements, with AMC performing slightly better than Moderato. These small differences are however