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Independent 6D quality assurance of stereotactic radiotherapy repositioning on linacs

Objectif de l'étude : La radiothérapie stéréotaxique nécessite une grande précision lorsque des organes à risque sont proches de volumes cibles recevant des doses par fraction importantes. Cette étude propose une méthode d'assurance qualité dit de « bout-en-bout » de la précision inframillimétrique d'un accélérateur non dédié à cette technique. Méthodes: Nous avons utilisé un accélérateur linéaire TrueBeam® équipé d'une table 6D robotisée. Le fantôme "ISO Cube" a été utilisé avec un support spécialement réalisé pour générer des décalages connus en translation et en rotation. Ce fantôme a d'abord été scanné en position de référence. Puis des tests incluant des décalages de 1,6° de rotation de table (tangage et roulis) pour plusieurs angles de bras et socle de table ont été réalisés. Nous avons comparé les résultats avec les contrôles quotidiens Machine Performance Check, Varian (MPC).

Résultats: La taille moyenne de l'isocentre et les décalages des faisceaux MV et kV ont été évalués respectivement à 0,1 mm, 0,1 mm et 0,3 mm, restant ainsi dans les recommandations internationales. Les écarts entre positions de table attendues et mesurées, sur une durée de quatre mois, ont montré des differences de 0,6 mm et 0,2°. Les erreurs de taille de champs étaient inférieures à 1 mm pour 324 points analysés.

Conclusion: Ces résultats montrent que l'accélérateur TrueBeam équipé d'une table à six degrés de liberté robotisée et d'un tomgraphe conique répond aux exigences de précision de la stéréotaxie. Notre méthode, basée sur un test de Winston-Lutz modifié, nous a permis de quantifier la précision de l'accélérateur afin de réaliser des traitements stéréotaxieques.

I -Introduction

A high level of accuracy while positioning the patient is mandatory for frameless stereotactic radiotherapy (SRT), as large doses in multiple fractions are delivered near organs at risk, especially for spinal or intracranial irradiations which must be carried out with great precision. The tolerances for positioning patients are usually in the range of 1 mm for all three directions and 0.5° for all three rotational axes in space, as recommended by AAPM TG report 101 and 142 [1,2] and ICRU report 91 [3].

A comprehensive quality assurance program for 6DOF couches, imageguided radiation therapy (IGRT) systems and for the repositioning of the treatment beam is therefore needed to ensure that such accuracy constraints are respected. Imaging systems [4][5][6] and quality control tests performed on the basis of Winston-Lutz tests have for example been extensively investigated by numerous teams [7][8][9]. For example, this widespread test consists in estimating the isocentre movements by measuring the difference between the center of a sphere shadow representing the target volume (a collimated beam is used to expose the imaging system behind the sphere) and the radiation field center ( [7]). The quality control tests also typically cover reference dosimetry, positioning lasers calibration, congruence accuracy between the field mechanical and radiation centers, and image quality. In particular, there are several imageguidance options, such as kV X-rays imaging (eg ExacTrac® X-ray 6D) or cone beam CT (CBCT), which can provide sufficient accuracy for patients receiving SRT [4,[10][11][12].

Very promising results using the TrueBeam STx® linear accelerator (Varian Medical System, Palo Alto, Ca, USA), for example, have been demonstrated for stereotactic applications with On-Board Imager (OBI), consisting of a kV X-ray source which can perform CBCT, and 6DOF couch. Indeed, recent studies have demonstrated that target positioning was improved by corrections for 6DOF (transformations in the 3 dimensions (x, y, and z) and rotations around 3 perpendicular axes (pitch, roll, and yaw)) translational and rotational setup errors compared to 4DOF positioning [13].

Consequently, quality assurance for 6DOF robotic tables was then developed: the positional reproducibility and accuracy of the Varian 6DOF PerfectPitch couch alignment was demonstrated to be within 1 mm and 0.5° [4,5]. The uncertainty of this couch, able to apply requested shifts with high accuracy [14], was examined with CBCT images: rotational errors less than 0.3 degrees and isocentre shifts less than 0.8 mm in each direction were obtained [15]. Machine performance check (MPC), a fully integrated selfcheck image-based tool, has also been shown as a reliable and efficient tool for TrueBeam dosimetric and mechanical checks [16][17][18][19]. Lastly, some studies have also denoted the importance of accurate geometric calibration of kV and megavoltage (MV) OBI systems for high-quality reconstruction of CBCTs (20).

Much academic work has also been done to estimate the uncertainty budget for patient positioning. The mean accuracy in positioning clinical patients' isocentres receiving SRT on a Novalis Tx treatment unit was estimated to be less than 0.7 mm for translations and 0.5° for rotations. Small differences in localization accuracy were found between ExacTrac® X-ray 6D and CBCT (between 0.5 and 1mm and between 0.5° and 1° in the translational and rotational directions respectively) (4,12,21]. The IsoCal phantom calibration accuracy on TrueBeam, whose goal is to refine the image centers to match the radiation isocentre through the use of a ball bearing phantom, was estimated to be around 0.4 mm [22]. A summary of several studies examining localization accuracy in SRT is shown Table 1.

However, Linac-based SRT accuracy after 6DOF couch rotations and translations combined with couch base rotations (see Figure 1) is in most cases not addressed in these articles. Nor is there a well-defined quality assurance procedure considering the overall uncertainty of the registration and positioning process. Therefore in this study, we propose a method to verify that submillimeter alignment is actually achieved with stereotactic conventional linacs, and employ a Winston-Lutz based end-to-end method to assess the overall accuracy of a TrueBeam system using VMAT for SRT. We added 6D couch and couch rotation angles to the Winston-Lutz concept in order to evaluate the linac end-to-end accuracy. Our method consists of doing a series of different tests classified in two categories: functional or streamlined performance tests of the 6DOF robotic table and registration process, and end-to-end clinical tests.

-The first step of the method involves evaluating the positional reproducibility and accuracy of the 6DOF couch with and without a load of up to 40 kg, following recommendations by [23,24]. The gantry, robotic couch, and image registration are also checked independently to isolate possible motions which contribute to the overall accuracy of the treatment.

-The second step consists of simultaneously studying the rotational and translational accuracy of the 6DOF couch as applied during a clinical treatment situation for intracranial stereotactic applications.

The following metrics were analyzed to evaluate our procedure comprehensively after the full positioning process: (i) phantom image shifts, (ii) MLC accuracy and field size errors between planned and acquired images. The "ISO Cube" Daily QA Phantom (Computerized Imaging Reference Systems Inc., Norfolk, VA, USA) which contains spherical radiopaque fiducials (6.35 mm diameter) imbedded embedded at accurately recognized positions was used with kV imaging (Fig. 2). The "ISO Cube" phantom was scanned with a 1 mm small slice thickness using a Siemens Definition AS Open RT64 CT-scanner.

II -Material and method

B. Methods

B1. Description of the alignment tests

At first, both the mechanical and radiation isocentres of the linear accelerator were verified, typically using a Winston-Lutz test. Geometric alignment, that are congruencies of the kV x-ray isocentre and the MV treatment beam isocentre was then tested checked as follows: kV and MV planar images acquired with OBI or treatment beam were repeated for various gantry, collimator and couch angles combinations, and compared with the reference DRRs derived from the CT data (imported and created into the Eclipse TPS). After that, the accuracy of OBI imaging system was verified: a volumetric CBCT scan was acquired in order to obtain the deviations of the OBI imaging center from the radiation isocentre.

The images were also used to evaluate the jaw-defined field width with combined gantry, collimator, and couch rotations, and to verify any mechanical sag, image distortion or gravity effect on beam width. MPC quality control tests (a detailed description and analysis of the MPC can be consulted in [17]) as well as the IsoCal calibration and verification procedures ( [22]) were done independently and compared to the previous results (for a reference couch base rotation set to 0°). Longitudinal, transversal and vertical translations were evaluated to this end on amplitudes of 5 cm and 15 cm respectively. Pitch and roll rotations were tested on a 3° amplitude with the table position set to its reference position.

Jaw and leaf offsets were evaluated with the gantry set to 0°.

B2. Description of the end-to end clinical tests

The combined accuracy of the gantry, collimators, couch, and imaging devices determines the overall accuracy of the registration technique. In order to add clinical conditions and to test the overall accuracy of the patient positioning we describe hereby our independent streamlined method.

The registration and correction accuracy of the 6DOF couch was tested for a slightly misaligned planned isocentre. The "ISO Cube" phantom was placed on a precisely milled home-made plastic stand which was designed to achieve 1.6° offsets for the pitch and roll rotations as well as an initial offset alignment for the translations (see figure 2 and details table 2a) The offset alignment was designed to correspond perfectly to the distances between ball bearings: 21 mm on the vertical axis, 23.7 mm on the longitudinal axis and 15 mm on the lateral axis. The "ISO Cube" was then scanned with straight alignment (leveled and aligned to 0° in all three axes) and was performed without the stand. The couch corrections obtained to recover the initial position using the kV-CBCT images were registered for various gantry, collimator and couch angle combinations. Registrations with a 40kg load on the couch were also recorded and showed no significant effect on the measured corrections.

The values of the gantry, collimator or couch rotation angles and field width are listed on table 2b and 2c for MV and kV beam respectively. The field size measurement helped us to evaluate the effect of gravity on leaves and jaws positioning. We used orthogonal kV-kV image pairs, kV-CBCT image guidance and posterior oblique beams in order to be close to the clinical requirements for intracranial stereotactic applications.

The process and steps performed are summarized below:

• 1: The "ISO Cube" phantom was placed on the treatment table on the plastic stand in order to introduce known offsets for the rotations and translations, and then aligned to the offset lines using the positioning lasers as shown on figure 3-a.

• 2: Once coarsely positioned, kV-kV image pair was acquired, in order to perform a manual registration for rotational and translation adjustments of the offset target to the isocentre (figure 3-b andc).

• 3: A kV-CBCT scan was then acquired and auto-registration was performed in order to match the image sets and bring the phantom in the reference position. The requested shift values were stored in a table.

• 4: More complex situations were tested by requesting shifts/rotations for a serie of beam orientations (representative for the full rotations), and MV images as well as a second orthogonal kV-kV image pair were acquired (in particular for the couch rotations at 270°, 160° and 225°) to measure the applied corrections as shown on figure 4.

• 5: Field size and offsets between beams mechanical center and radiation center were measured for MLC and non MLC-based irradiations (using the image browser of the offline review module of ARIA, as recommended by [25]).

• 6: MPC shift values for couch rotations, MLC leaf and jaw positioning, MV and kV imagers isocentres were recorded and compared to the "ISO Cube" test results for the same total data collection period.

III -Results

A. Results of the MPC alignment tests

The mean MPC isocentre size, MV and kV imaging devices offsets were found to agree with Winston-Lutz tests to within 0.1 mm, 0.1 mm and 0.3 mm, respectively. The MPC couch tests agreed with routine QA to within 0.4 mm and 0.1°. The accuracy of the measurement using the MPC method is estimated to give results with a subpixel accuracy (± 0.375 mm), as already demonstrated in [25].

B. Performances tests of the 6DOF couch

For a total four months data collection period, with N the sample number, (N=12), the mean deviation between requested and measured shifts on "ISO Cube" phantom was 0.6 mm and 0.2°. The maximum shift measured on "ISO Cube" phantom was 0.9 mm and 0.4°. Standard deviation was respectively ±0.1 mm and ±0.1°. Mean MPC results for 6D couch repositioning were estimated to be 0.4 mm and 0.1°.

C. Results of the tests for the clinical situations and field size assessment

The results for the clinical situations using the CBCT and kV-kV verification method (N=276), as well as the MPC results are shown in Figure 5 (N=10).

Mean corrections obtained by registering CBCT images to planning CTs were within 0.6 mm with a standard deviation of ±0.1 mm. The isocentre size measured using the MPC was within 0.4 mm. The MV and kV MPC shifts were within 0.2 mm for the considered data collection period.

Errors on field size were recorded and are shown in Figure 6. An error smaller than 1 mm was obtained for 97.7% of the 324 data points. The maximum reported error on field size was 1.4 mm for open field and 0.9 mm for MLC shaped field. The positioning accuracy of each MLC leaf and jaw is shown Figure 7 for both MPC and "ISO Cube" tests. The X/Y jaw parameters showed a mean offset of less than 1.0 mm and 0.5 mm for "ISO Cube" and MPC tests respectively. Standard deviation was ±0.6 mm.

D. Influence of couch base rotations on image/isocentre shift

Image displacements with 0° and 270° couch base rotations are presented on table 3. Maximum deviation between reference DRR and experimental image was lower than 0.6 mm and 0.2 mm for MV and kV modalities respectively. Average image shifts were not clinically significant on a data collection period of 4 months (N=276), with ±0.1 mm standard deviation and maximum deviation of 0.2 mm. A difference of 0.1 mm was observed at 270°compared to the 0° couch base rotation.

IV -Discussion

The main purpose of our study was to assess Linac-based SRT accuracy after 6DOF couch rotations with an independent methodology. The second aim of our work was to provide a streamlined and efficient method for the quality assurance of positioning, including OBI, 6DOF couch and MV isocentre, for non-dedicated SRT linacs. We have then developed a modified Winston-Lutz based test which helped us to carry out end-to-end tests at least at a monthly frequency as recommended by TG-101. We also used MPC methodology for mechanical quality assurance on a daily basis, which helped us to evaluate several geometric parameters separately or in combination as in [19].

Congruence of multiple MV and kV imaging devices isocentre to the radiation isocentre as well as isocentre size obtained between independent methods resulted in consistent values. Our results are for example similar to those reported in [26] with 0.3-0.6 mm discrepancies between (imaging devices kV and MV) isocentres and radiation isocentre.

With regard to the 6DOF couch accuracy, the results with the "ISO Cube" test were slightly larger than with the MPC tests, but still lower than international recommendations, i.e. <1 mm and 0.5° for stereotactic treatments (2). A deviation (for the offset between the requested and measured shifts for the couch translation) of 0.4 mm was obtained by comparing the "ISO Cube" method to the MPC method. These values are however in good agreement with those obtained in [18]. Besides, we performed additional evaluations of the couch base rotation in order to be close to more complex clinical situations.

Published results without couch rotation are comparable to our results with or without couch rotation (0.5 mm and 0.3° as in [3,[START_REF] Rowshanfarzad | Verification of the linac isocenter for stereotactic radiosurgery using cine-EPID imaging and arc delivery[END_REF]). In our study, the effect of couch base rotation was found to be negligible for various rotations and translations of the 6DOF couch (the overall accuracy of the EPID-based isocentre verification method was estimated to be within ±0.2 mm ( [START_REF] Weilang | A robust Hough transform algorithm for determining the radiation centers of circular and rectangular fields with subpixel accuracy[END_REF])).

This was an important question to be addressed as couch angles are commonly used for intracranial SRT. To our knowledge, there are only very few comprehensive studies of the positioning accuracy in stereotactic treatments using a non-dedicated SRT linac (in particular without an ExacTrac® imaging system).

V -Conclusion

We have developed a quality assurance methodology which helped us to quantify the consistency of our equipment with multiple imaging devices, and to assess the accuracy of stereotactic treatments on a conventional linac. It also enabled us to improve our overall control of a TrueBeam linac and to quantify its accuracy when 6DOF rotations and translations were used. Deviations were lower than 1 mm and 0.5° on the end-to-end tests for the considered data collection period. Our quality assurance method is now used as part of a monthly quality control procedure, and after servicing or maintenance on the imaging devices and the 6DOF couch. These results will lead us to improve our margins for stereotactic treatment once we get more clinical data on systematic and random errors for patient positioning. 
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TABLE 1 :

 1 Summary of several studies examining localization accuracy in SRT TABLE 2. (a) Rotations and translations applied to the "ISO Cube" phantom for 6DOF couch registration test. Collimator, gantry and couch angles, and field sizes used for the quality control of the MV imaging system.

			Rotations (degree)	Translations (mm)	
		6D couch shifts						
			Pitch	Roll	Vertical	Longitudinal	Lateral
			1.6	1.6	21		23.7	15
	(b) Beam			OPG	ANT					OPE
		OAD	LATD			OAI MLC	ANT	POST
	selection			MLC	MLC					MLC
	Collimator	0°	30°	30°	30°	0°		0°	0°	340°
	Gantry	325°	270°	145°	0°	30°		0°	180°	210°
	Couch	0°	0°	0°	0°	270°		270°	270°	270°
	X1 / X2	0.5 / 3	1.4 / 2	4.4 / 1.1 1.6 / 2.7 1.0 / 2.5 0.6 / 3.1 2.2 / 1.6 2.5 / 1.3
	Y1 / Y2	3.1 / 0.6 3.9 / 0.6 2.8 / 1.2 3.8 / 0.9 1.3 / 2.3 0.9 / 2.1 1.9 / 2.2 1.4 / 2.3
	(c) Collimator, gantry and couch angles used for the quality control of the kV
	imaging system.							
		kV fields kV / kV CBCT POE kV POI kV	
		Collimator	0°	0°	0°		0°	
		Gantry	0°/270°	-	225°	160°	
			Couch	0°	0°	270°	270°	

TABLE 3 .

 3 Effect of couch base rotation on image shift

		MV mean	MV maximum	kV mean	kV maximum
	couch rotation				
		deviation (mm)	deviation (mm)	deviation (mm)	deviation (mm)
	0°	0.1	0.6	-	-
	270°	0.1	0.5	0.1	0.2

The authors have no relevant conflicts of interest to disclose.