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Abstract. Volumetric modulated arc therapy (VMAT) is the next step in the improvement of the dynamic intensity modulated radiotherapy by improving the delivery efficiency and reducing the treatment time. In this study we have evaluated the delivery accuracy of different types of VMAT plans by performing an end-to-end test using the CIRS IMRT Thorax 002LFC phantom on two different radiotherapy units, a Varian iX Clinac and a Halcyon unit. We have created 10 different VMAT plans and measured the dose in different points according to a modified IAEA CRP E24017 protocol. For the measurement points representing the target volumes we have found that using two or three arcs gives acceptable results, but for single arc treatments the results were suboptimal. For low-dose regions, field size was found to have a more pronounced effect especially on the iX unit, with larger fields leading to slightly reduced accuracy. Inaccuracies are usually highest where the inhomogeneity of the body is greatest, such as the points representing the lungs and the spinal cord regions, where the computational algorithms themselves also contribute to the overall inaccuracy. In conclusion, the end-to-end test showed that the plans are clinically acceptable, but the recommendations for these particular machines would be not to use single arc treatments and to consider algorithm inaccuracies in regions of greater inhomogeneity during the treatment planning process.
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1. Introduction
The current gold standard of the external beam radiotherapy is the three dimensional conformal radiotherapy (3D CRT). In the classical form of the 3D CRT static flat fields are used, meaning that the beam intensity in all the points of the beam is the same, within 5%. Compared to the previously used 1D and 2D radiotherapy, the classical uniform beam 3D CRT provided better dose homogeneity and generally less hot spots in the target. With the technological development the past couple of decades, the 3D CRT further evolved into static gantry intensity modulated radiotherapy (IMRT) where multiple beams at different fixed gantry angles are irradiated and each of these beams has optimized intensity modulated fluence distributions. The introduction of static gantry IMRT further evolved into the development of volumetric modulated arc therapy (VMAT) in the late 20th century [1, 2]. The new technique was developed as a solution to some limitations of previous rotational techniques, and provided comparable and even superior target coverage at the cost of slightly greater low dose bath. But the numerous practical advantages contributed to the VMAT's popularity and widespread use in the clinical practice. With VMAT [3], the delivery times are reduced, leading to a greater patient throughput in a busy clinic, the dose conformity to the target volumes is improved, healthy tissues surrounding the tumor are sparred usually to a greater extent compared with static gantry IMRT, and the treatment parameters (rotation speed, dose rate, and multileaf collimator movement) can all be simultaneously optimized. The ongoing research and technological achievements continue to advance the field of VMAT. Techniques such as single-arc VMAT, multiple-arc VMAT and hybrid VMAT have been developed to further refine treatment delivery [4, 5]. Additionally, efforts are being made to integrate imaging technologies, such as cone-beam computed tomography (CBCT) and magnetic resonance imaging (MRI) into VMAT workflows for improved treatment accuracy [6, 7]. Today, VMAT is steadily becoming the treatment technique of choice in radiation oncology departments worldwide, offering improved treatment outcomes and enhanced patient comfort. Its development and continuous refinement have revolutionized radiation therapy, providing clinicians with a powerful tool to effectively treat cancer while minimizing the damaging impact on the healthy tissues.
However, these technological developments leading to better cancer patient care come with increasing complexity of both the machines used to deliver the treatment and also the treatment planning systems and algorithms used to calculate the dose distribution in the specific patient anatomy. Unlike the uniform fluence 3D CRT, these techniques are usually based on inverse planning, where the planner sets the desired goals in the treatment planning system and then the computer system/algorithm calculates all the necessary motions of the different parts of the irradiation system (gantry, mlc, dose rate etc.) in order to fulfill the set goals as best as it can. Since the optimization algorithms usually involve complex cost function minimization calculations, it is not really straightforward for the planner to assume the end result in advance. Therefore, the need for additional quality control procedures has been identified and relevant international bodies have provided additional guidelines for both machine specific and patient specific quality assurance procedures [8-11].
One of the tools in the quality assurance system providing greater confidence in the accurate delivery of the dose to the patient is the end-to-end (E2E) test of the process. E2E testing is used to evaluate the functionality and performance of a system as a whole, from start to finish, by simulating real-world scenarios. It is a comprehensive testing approach that verifies the interactions between various components of a system to ensure that they work together seamlessly and meet the desired requirements. By executing E2E test scenarios, a radiotherapy department can identify functional defects or issues that may arise due to the interaction between multiple components. It helps ensure that all functionalities of the system are working as expected. 
The E2E tests are widely used in radiotherapy, especially for intensity modulated techniques [12-16]. In this work we have performed an E2E testing to assess the VMAT delivery accuracy for various VMAT plans on two different treatment machines, one older Varian Clinac iX, commissioned in 2013 and a new Halcyon system, commissioned in 2022. For the purposes of the E2E testing we created and irradiated 10 different VMAT plans on an anthropomorphic phantom in order to evaluate the behavior of the systems under different conditions. 
2. Materials and methods
The E2E test tests the cumulative influence of different steps of the process on the realistic treatment plan delivery accuracy. Implicitly, in the first step, the E2E test actually tests the CT simulation subsystem - whether the CT scanner is operating properly, including scanner components, techniques of reconstruction, image processor, generator, scanning unit (gantry), patient table etc. After the data has been transferred to the treatment planning system, the target volumes and organs at risk (OAR) were contoured and several treatment plans were created, thus testing the planning stage as well, namely the operation of the treatment planning system including parameters such as beam positions, directions, energy, monitoring units, MLC shapes, optimization and dose calculation algorithms. The calculated treatment plans were then transferred to the irradiation machine and made ready for delivery. In this step the E2E test checks whether the data transfer is complete and correct. The E2E testing ends with irradiation of the phantom, measuring the dose at certain points and analysis of the obtained data.
The treatment planning system used in this study is Varian’s Eclipse ver.16.1. The calculation grid size was 2.5 mm. Two radiotherapy units were investigated in this study. The older Clinac iX is equipped with a MV portal imager and a kV on-board imager. The maximum field size is 40×40 cm and has 6 MV and 15 MV nominal photon energies. For VMAT we use only the 6 MV energy, which is the current standard practice. The most important part of the beam intensity modulation system is the Milenium 120‐leaf multileaf collimator which features two banks of 60 tungsten leaves. The maximal dose rate of the unit is 600 MU/min. For this linac we usually employ the AAA algorithm for dose calculations.
 The second linac investigated in this study was a new Halcyon unit, which is designed with a ring-mounted gantry. This machine is equipped with an MV imager that allows an IGRT treatment based on orthogonal pair of images or a CBCT. The IGRT is incorporated in the concept of a Halcyon linac making the imaging mandatory before any treatment delivery. The maximum field size is 28×28 cm and the nominal photon energy is 6 MV flattening-filter-free. The unit has a new for Varian, jawless design that features a new dual layer multileaf collimator system with faster speed and reduced transmission, and enables dose rates of up to 800 MU/min. For the Halcyon we use the advanced Accuros XB algorithm for dose calculation.
The E2E test is based on a modified IAEA CRP E24017 protocol [15]. In line with this protocol and with other relevant studies [16, 17, 18] we have used the CIRS IMRT Thorax Model 002LFC phantom, which we scanned with our CT Scanner General Electric Discovery 590RT with slice thickness of 2.5 mm. We have contoured the CT image in line with the modified IAEA CRP E24017 protocol, as is shown in Figure 1. 
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Figure 1. Representative scan of the CIRS IMRT Thorax phantom with contours and calculation points where the calculated and the measured dose was compared. The red contour represents the target volume and is represented by points 1 and 2. The yellow contour with point 4 in its center represents the heart which is a low dose region with electron density similar to water. Point 5 represents the esophagus, also in low dose region, while point 6 represents the lung. Point 10 represents the spinal cord and is characterized by electron density similar to bone.
[bookmark: _GoBack]The red contour represents the target volume, the yellow contour represents the heart, the green contour the esophagus, the blue contour the lung and the magenta contour the spinal cord together with the boney structure around it. Figure 1 also shows the representative points where we compared the calculation with the measurements. The target volume  is represented by points 1 and 2. Points 4 and 5 are in the low dose region where the electron density is similar to that of water, with point 5 being in a higher gradient area because it is closer to the target volume. Point 6 represents the lung tissue with low electron density while point 10, which is located in the spinal cord and surrounding bone tissue, is in an area of the phantom characterized by a higher electron density close to that of bone.
The prescribed dose for this test was 50.4 Gy in 28 fractions. The VMAT planning objective was 95% coverage of the target volume with 100% of the prescribed dose while meeting the dose limits for OARs according to the IAEA CRP E24017 guidelines, as presented in Table 1.
Table 1. OAR dose limits according to 
the modified IAEA CRP E20417 guidelines.
	Structure
	Volume (cc)
	Max volume dose (cGy)
	Max point dose (cGy)

	Spinal Cord
	<1
	1550
	1700

	
	<5
	1450
	

	Heart
	<15
	1800
	2350

	Esophagus
	<5
	4400
	5050

	Skin
	<10
	1600
	2400

	Total lungs
	500
	1650
	500



We have created 10 different VMAT plans. For the plans with two or three arcs, we used two different target volumes, one with a cranio-caudal dimension of 10 cm and one with 20 cm. This was done in order to check if there is any effect of the field size on the delivery accuracy. For these two targets we created full and partial arc plans, eight in total. For the plans with one arc, only one central rounder target was used because this is usually the only clinical case where one would use only one arc. In Figure 2, we present one of the two full arcs plans (Fig.2 (a)) and one of the two partial arcs plans (Fig. 2 (b)).
The measurements were performed using PTW Dosimetry equipment including Farmer type ionization chamber and Romeo electrometer. The measurements were corrected for the daily dose output, which was measured in the CIRS phantom with field size 10x10cm at depth of 3cm, in position of point 1.
[image: ]
Figure 2. a) Treatment plan with two full arcs, b) treatment plan with two partial arcs
3. Results
The results for the Clinac iX are given in Table 2. As we can see from points 1 and 2, the target volumes are adequately covered, with a deviation of less than 3% for both two and three full arcs at both small and large target volumes. The partial arc cases show a slightly larger deviation, but still within 5% tolerance. However, if we use only one arc, the deviations are larger and even go beyond the limits of what is considered acceptable.
It can also be seen in Table 2 that sometimes in the low dose regions like the heart and esophagus, the deviations are greater, going up to 7.5%. In point 10, representing the bones around the spinal cord, where the density is greatest, we see deviations up to 10%, which should be taken into consideration within the treatment planning process
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Table 2. Comparison of the measured dose to the calculated dose at specific points for the Clinac iX unit
	Deviation (%)
	Pt. 1
	Pt. 2
	Pt. 4
	Pt. 5
	Pt. 6
	Pt. 10

	2 full arcs CW and CCW, 
small target volume
	2.31
	0.56
	-1.67
	-2.16
	4.93
	2.68

	2 full arcs CW and CCW, 
large target volume
	2.91
	-0.49
	4.13
	-6.05
	4.11
	-2.36

	3 full arcs CW, CCW and CW, 
small target volume
	2.51
	2.94
	1.31
	-1.67
	5.48
	1.81

	3 full arcs CW,CCW and CW, large target volume
	2.19
	1.49
	-7.43
	1.17
	4.88
	10.39

	2 part arcs CW and  CCW, 
small target volume
	3.93
	3.18
	2.66
	-2.02
	1.2
	1.06

	2 part arcs CW and CCW, 
large target volume
	4.43
	1.89
	4.08
	-4.15
	2.64
	9.43

	3 part arcs CW, CCW and CW, small target volume
	2.54
	2.64
	-3.72
	-4.01
	2.83
	-0.77

	3 part arc CW, CCW and CW, 
large target volume 
	0.38
	2.89
	-4.95
	5.08
	4.34
	6.49

	1 full arc CCW, 
center target volume
	0.54
	-9.34
	2.44
	1.58
	2.75
	1.55

	1 full arc CW, 
center target volume
	5.89
	0.23
	-4.04
	1.98
	3.58
	-5.89

	Mean 
	2.76
	0.60
	-0.72
	-1.03
	3.67
	2.44

	SD
	1.67
	3.71
	4.16
	3.41
	1.32
	5.10






Bearing in mind that the AAA algorithm does not give the best results in big heterogeneity region, like the spinal cord, the results show that VMAT with more than one arc can be safely used in clinical practice.
In Table 3, we present the results obtained for the Acuros XB algorithm on the Halcyon unit. 
In terms of the target volumes, we again can see acceptable coverage, this time with deviations less than 5% for both two and three partial or full arcs. And again, for single arc treatments the deviations are over 5% which is considered unacceptable. The Halcyon results are significantly better in the point 6, which represents the lungs, which is characterized by small electron or mass density. But in the high density region of the bones around the spinal cord, represented by point 10, we again see large deviations which should be taken into account during the treatment planning process even with the more advanced Accuros algorithm.
4. Discussion
In this work we used the end-to-end test to assess the VMAT delivery accuracy for different types of VMAT plans. As a result of the presence of detectable deviations in the VMAT treatment pattern, which are associated with the heterogeneities often observed in patients in clinical settings, improved outcomes could be possible. The investigation was performed on the department's two VMAT-capable radiotherapy units using commercial anthropomorphic torso phantom. We used previously published guidelines (Tuntipumiamorn et al., 2019, Schiefer et al., 2010) and adapted them to the equipment at our disposal in order to see if different types of VMAT plans were delivered with different accuracy on our linacs. 

Table 3. Comparison of the measured dose to the calculated dose at specific points for the Halcyon unit
	Deviation (%)
	Pt. 1
	Pt. 2
	Pt. 4
	Pt. 5
	Pt. 6
	Pt. 10

	2 full arcs CW and CCW, 
small target volume
	2.31
	0.56
	-1.67
	-2.16
	4.93
	2.68

	2 full arcs CW and CCW, 
large target volume
	2.91
	-0.49
	4.13
	-6.05
	4.11
	-2.36

	3 full arcs CW, CCW and CW, 
small target volume
	2.51
	2.94
	1.31
	-1.67
	5.48
	1.81

	3 full arcs CW, CCW and CW, large target volume
	2.19
	1.49
	-7.43
	1.17
	4.88
	10.39

	2 part arcs CW and CCW, 
small target volume
	3.93
	3.18
	2.66
	-2.02
	1.2
	1.06

	2 part arcs CW and CCW, 
large target volume
	4.43
	1.89
	4.08
	-4.15
	2.64
	9.43

	3 part arcs CW, CCW and CW, small target volume
	2.54
	2.64
	-3.72
	-4.01
	2.83
	-0.77

	3 part arc CW, CCW and CW, 
large target volume 
	0.38
	2.89
	-4.95
	5.08
	4.34
	6.49

	1 full arc CCW, 
center target volume
	0.54
	-9.34
	2.44
	1.58
	2.75
	1.55

	1 full arc CW, 
center target volume
	5.89
	0.23
	-4.04
	1.98
	3.58
	-5.89

	Mean 
	2.76
	0.60
	-0.72
	-1.03
	3.67
	2.44

	SD
	1.67
	3.71
	4.16
	3.41
	1.32
	5.10




Our results show that target volumes are irradiated with an acceptable accuracy of 5% on both linacs, if at least two arcs are used. If only one arc is used, for both linacs, deviations are greater than acceptable in at least one of the points representing the target volume. This might be due to the modeling of the units or the limitations of our measurement setup, but a more conservative approach is to recommend using at least two arcs per treatment.
For the older linac, it is noted that using partial arcs gives slightly worse results for the target volumes compared to using full arcs, which is not the case for the newer linac. A possible explanation for this behavior could be the very age of the machines, as well as the degree of their technological advancement, because technologically the Halcyon is two generations newer machine.
For the low-dose regions representing the heart and esophagus, field size has a more pronounced effect, especially for the older iX unit, with larger fields leading to slightly reduced accuracy. Inaccuracies are usually highest where the inhomogeneity of the body is greatest, such as the points representing the lungs and the spinal cord region, where the inaccuracy of the computational algorithm in inhomogeneous regions also has an impact. 
Finally, we fully acknowledge the limitations of our equipment, such as the large volume of the ionization chamber that was used, which has the greatest impact precisely in the low-dose regions. Therefore, the presented results for low-dose regions should only be considered as guidance for planners in optimizing the plan in a particular region. This limitation also paves the way for the next step in our work, which is to repeat the measurements with a small volume chamber, which will simultaneously quantify the impact of chamber volume in an end-to-end measurement scenario.
5. Conclusion
The end-to-end test showed that the plans are clinically acceptable, but the recommendations for these particular machines would be not to use single arc treatments and to consider algorithm inaccuracies in regions of greater inhomogeneity during the treatment planning process.
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