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Abstract

:

Featured Application


Transit dosimetry, with Electronic Portal Imaging Device (EPID), is a powerful tool for in vivo dosimetry (IVD). Despite its wide availability and its simplicity of use, the clinical implementation of such a dosimetric technique is still challenging. One reason for the difficulty of IVD implementation is the lack of guidelines around the validation and acceptance of EPID IVD algorithms. In this paper we propose an evaluation method for assessing the accuracy of a novel 3D EPID back-projection algorithm for IVD. To the best of our knowledge, the EPID back-projection algorithms have never been validated in anthropomorphic phantom against direct two-dimensional measurements, and the new algorithm, introduced in version 5.8 of the Dosimetry Check software for dealing with tissue inhomogeneity, has never been evaluated before.




Abstract


The aim of this study was to develop and apply an evaluation method for assessing the accuracy of a novel 3D EPID back-projection algorithm for in vivo dosimetry. The novel algorithm of Dosimetry Check (DC) 5.8 was evaluated. A slab phantom homogeneously filled, or with air and bone inserts, was used for fluence reconstruction of different squared fields. VMAT plans in different anatomical sites were delivered on an anthropomorphic phantom. Dose distributions were measured with radiochromic films. The 2D Gamma Agreement Index (GAI) between the DC and the film dose distributions (3%, 3 mm) was computed for assessing the accuracy of the algorithm. GAIs between films and TPS and between DC and TPS were also computed. The fluence reconstruction accuracy was within 2% for all squared fields in the three slabs’ configurations. The GAI between the DC and the film was 92.7% in the prostate, 92.9% in the lung, 96.6% in the head and the neck, and 94.6% in the brain. An evaluation method for assessing the accuracy of a novel EPID algorithm was developed. The DC algorithm was shown to be able to accurately reconstruct doses in all anatomic sites, including the lung. The methodology described in the present study can be applied to any EPID back-projection in vivo algorithm.
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1. Introduction


In vivo dosimetry (IVD) measures how accurately the planned dose is delivered to the patients during radiotherapy treatment. For many years, it has been viewed only as supplementary to a standard clinical QA program, but recently its role in preventing delivery failures and increasing patient safety and treatment quality has been considered. International organizations recommend its use [1] and national and international regulators are starting to require it in national law [2].



Transit dosimetry, with the Electronic Portal Imaging Device (EPID), is a powerful tool for IVD measurements. It enables large scale acquisitions with a relatively low cost for patients and institutes [3]. Many software programs, some of which are commercially available, have been developed in the last ten years that enable the reconstruction of the dose absorbed in the patient’s anatomy (in the planning CT or/and in the daily CBCT) either in a point, a plane, in 3D, or even in 4D [4,5]. Despite its wide availability and its simplicity of use, the clinical implementation of such a dosimetric technique is still challenging. Currently, only a few centers have reported wide statistics of IVD results [6,7]. One reason for the IVD implementation difficulty is the lack of guidelines around the validation and acceptance of an EPID IVD algorithm. Moreover, there is no consensus about the dose difference metric and the tolerance levels to use to guarantee the needed level of accuracy and specificity in the errors’ detection. The accuracy evaluation of the EPID dose reconstruction algorithm is important for setting the tolerance levels in order to limit the presence of false-positive errors due to algorithm failure. In a recent SBRT study, it was found that, with the standard tolerance levels [8], about 40% of fractions resulted over the tolerance level (OTL), of which approximately half were due to algorithm failure [9]. The presence of tissue inhomogeneity can further increase false-positive errors. Mijnheer et al. found that 34% of OTL but only 1.5% of alerted plans underwent corrective action [10], and the OTL majority was due to EPID algorithm failure in dealing with tissue inhomogeneity.



EPID reconstruction algorithms have been usually validated against absolute dose measurements only in points [11], and the dose distributions were generally compared to the treatment planning system (TPS) computed dose. Only a few studies have validated the EPID reconstructed dose distributions by comparing them with absolute dose measurements [4,12,13]. However, in these studies, the measurements were performed in homogeneous phantoms with simple cylindrical [13] or octagonal [12] geometries.



To the best of our knowledge, the EPID back-projection algorithms have never been validated in an anthropomorphic phantom against direct two-dimensional measurements.



In this work, we assessed the accuracy of the new version of the commercial EPID software, Dosimetry Check (DC). The evaluation was conducted in two steps: first, the capability to reconstruct squared field fluence on slab phantoms with air and bone inhomogeneities was evaluated. In the second phase, the dose distributions reconstructed by DC were compared with radiochromic film dosimetry in the anthropomorphic Alderson Rando phantom for volumetric modulated arc therapy (VMAT) plans. To our knowledge, the new algorithm, introduced in version 5.8 of the DC software for dealing with tissue inhomogeneity, has never been evaluated before.



There is extensive literature about the implementation of EPID software for transit dosimetry in clinical practice. However, this study contains some innovations. In fact, this is the first study comparing EPID based dosimetric results with film dosimetry in an anthropomorphic phantom.



The methodologies shown in this work are the final step of the commissioning of an EPID transit dosimetry system and can be used to validate any back-projection EPID algorithm [6,14] before clinical implementation.




2. Materials and Methods


DC is a back-projection EPID in vivo dosimetry software composed of two independent algorithms. The deconvolution kernel reconstructs the entrance fluence from the EPID image, then the dose computation algorithm uses the reconstructed fluence to compute the dose inside the patient’s anatomy. The new 5.8 version of DC contains, in addition to the pencil beam algorithm (PB), a collapsed cone convolution algorithm (CCC) for dose calculation. Moreover, an optimized deconvolution kernel for dealing with tissue inhomogeneities has been implemented. The previous DC version was equipped with only the PB algorithm, the results of which have been reported in previous studies [4,6]. Compared to PB, the dosimetric advantage of the CCC algorithm, in the case of tissue inhomogeneity, is well documented [15]. However, as the deconvolution kernel is responsible for the fluence generation, the overall accuracy improvement of the new DC version in the presence of tissue inhomogeneity is not obvious. The ability of the DC to reconstruct the fluence of simple square fields was first tested in simple geometry. The accuracy of the entrance fluence reconstructed by the deconvolution kernel was assessed in both homogeneous and heterogeneous slab phantoms. Finally, the overall DC accuracy was evaluated on anthropomorphic phantom with VMAT plans.



The DC version 5.8 evaluated in this work is a standalone software version that is not commercially available anymore. The DC is now included in the 7.2 version of RadCalc software (Lifeline Software Inc., Tyler, TX, USA).



2.1. Slab Phantom Tests


The I’mRT Phantom (IBA Dosimetry, Schwarzenbruck, Germany), shown in Figure 1, consisting of slabs of RW3 material of nearly water equivalence, was used. Its central cubic insert was filled in three different ways: homogeneously with RW3 slabs (H configuration) or replacing the central slab with air and bone inserts (A and B configuration, respectively). Square fields with different sizes of 2, 3, 4, 6, 8, 10, 12, and 15 cm were calculated by Monaco 5.11.03 TPS (Elekta Oncology Systems, Crawley, UK) on the three phantom configurations by using 100 Monitor Units (MU) per beam. The beam isocenter was placed at the phantom center for all beams. The accuracy of the entrance fluence reconstructed by the deconvolution kernel algorithm was assessed by comparing the reconstructed entrance fluence of the square fields with the nominal fluence planned by the TPS and delivered.




2.2. Anthropomorphic Phantom Tests


The Alderson Rando phantom (Alderson Research Laboratories, USA) was used for VMAT QA on the prostate, the head and the neck, the brain, and lung sites.



The CT scan of the phantom was acquired on GE Brightspeed equipment with the following parameters: 120 kV, 2.5 mm slice thickness, 100 mA/rot.



The phantom was contoured with the MIM Maestro (MIM Software, Inc., Cleveland, OH, USA) software version 6.7. In order to produce realistic planned dose distributions, contours from real treated patients, including target and organs at risk, were deformably registered on the phantom and then manually corrected to avoid registration artifacts. Contours used for planning are reported in Figure 2. The Monaco 5.11 TPS was used to optimize VMAT plans. Clinical templates were applied to generate the plans. The voxel size was 3 × 3 × 2.5 mm3. The dose prescriptions and planning specifications for each plan are reported in Table 1.




2.3. Plans Delivery


The linac Elekta Synergy, equipped with a multileaf collimator of 40 pairs of 1 cm wide leaves, was used for dose delivery. Each plan (square field or VMAT) was irradiated three times. Before irradiation, 3D volumetric imaging was acquired for set-up correction with a three translational degree-of-freedom robotic couch using the kV cone-beam CT (CBCT) XVI 5.1. For VMAT plans, before each irradiation, a Gafchromic® EBT3 film was inserted between two slices containing the isocenter point.




2.4. EPID Dosimetry


Transit images were acquired with the portal imaging system Iview-GT equipped with the software Iview-GT 3.4. The EPID acquisition was in cine mode for the VMAT beams and in IMRT mode for the square fields. A 10 × 10 cm2 square field with 100 MU was used for calibration. For each irradiated plan (square field and VMAT), a 3D EPID reconstructed dose was generated with both the PB and the CCC algorithms. The voxel size for the DC doses was set at 1 × 1 mm2 along the transverse axis and at 2 mm along the longitudinal axis.




2.5. Radiochromic Films Analysis


Gafchromic® EBT3 films (lot No. 09071703) were used with dimensions 25.4 × 20.3 cm2. Films were digitized using an Epson Expression 10000 XL scanner in transmission mode. RGB positive images were collected at a depth of 16 bits per color channel and a spatial resolution of 72 dpi (pixel size 339 µm). Scanning was conducted through the Epson Scan driver and software settings were chosen to disable all color correction options. Transmission images were saved in TIFF.



A previously determined calibration curve (obtained for the same film lot) was applied. For the conversion of the film pixel value into dose, a multi-channel method was used. Details on film calibration and handling can be found in [16]. For film calibration and dose conversion, FilmQA™ Pro software (Ashland Inc., Wayne, NJ, USA) was used.




2.6. Dose Distributions Agreement Analysis


FilmQA™ Pro software was used for the film comparison with both TPS and DC dose distributions. Films were registered with TPS and DC dose maps by using marks placed on the film before irradiation and indicating the isocenter position. Gamma analysis was performed in a user-defined region of interest (ROI) (local gamma 3%/3 mm, threshold 10%).



The agreement between TPS computed and EPID reconstructed doses was assessed by evaluating 2D GAI in the coronal slice passing through the isocenter. GAI analysis was performed with the same software: FilmQA was used for EPID vs. film dose agreement in the same user-defined ROI and parameters. The reported GAI are the average values (+/- 1 standard deviation) over the three irradiations.





3. Results


3.1. Slab Phantom Tests


The fluence reconstruction accuracy was tested in the slab phantom. The results of the irradiations with the slab phantom show that the fluence reconstruction is accurate (within 2%) in all slab configurations (Figure 3). In the homogeneous configuration, the fluence reconstructed by the deconvolution kernel was within 1% accuracy in most of the tested field’s size: only the 3 × 3, the 4 × 4, and the 15 × 15 beams show discrepancies between 1% and 1.5%. The slab phantom with the air insert showed the worst result for the 3 × 3 field size, with a discrepancy of 1.9%; however, the overall accuracy is high, as all the other field sizes, except the 15 × 15, are below the 1% accuracy. With the bone inhomogeneity, the accuracy of fluence reconstruction is similar to the homogeneous phantom: only the 3 × 3 field size exhibits deviation greater than 1%, and all other field sizes are below the 1% threshold. As the new deconvolution kernel of the 5.8 DC version accurately produced the fluence in all phantom configurations, the final dose reconstruction accuracy of the DC 5.8, in the presence of inhomogeneities, is mainly dependent on the dose computation algorithm. In fact, as shown in Figure 4, the PB algorithm obtained the typical dose overestimates in the presence of air, and the CC algorithm obtained good results compared to the Monte Carlo TPS algorithm.




3.2. Anthropomorphic Phantom Tests


The agreement between film measurements and TPS computed doses, DC reconstructed doses with PB, and DC reconstructed doses with CC algorithms, respectively, is reported in Figure 5. Overall, the film measurements and TPS data show a good agreement: the best results were found for brain plans (96.5%) and for prostate plans (94.3%), while for lung and head and neck plans, the agreement was, respectively, 90.0% and 91.3% (at 3%/3 mm 2D local gamma comparison, threshold 10%). The agreement between film and EPID is shown in Figure 5 and Figure 6. In all anatomical sites except the lung, the GAI of film vs. DC doses was high and very similar for both the PB and the CCC algorithms. The best agreement was found in the head and the neck (98.6% for the PB algorithm and 96.6% for the CCC). In the brain, the agreement was 94.6% for the CC algorithm and 94.1% for the PB, in prostate plans it was 92.7% for the CC and 93.2% for the PB, and a large drop was observed for lung plans where the agreement was 93.9% for the CC and only 54.1% for the PB.



The agreement between DC and TPS is reported in Figure 7 and Figure 8. The GAI was good for the DC doses reconstructed with the CC algorithm, while the PB algorithm results were less satisfactory. In the lung, as expected, the PB algorithm performed worse and the results of the comparisons with the TPS dose were not acceptable. Conversely, the CC obtained a good agreement with the calculated dose (94.7%). In the head and the neck, the PB algorithm GAI was 87.1% and the CC algorithm obtained a higher agreement (95.5%). In the brain, PB and CC algorithms obtained similar results: 93.5% vs. 93.8%. Finally, in the prostate, the PB GAI was 96.3% against the 99.6% obtained by the CC algorithm.





4. Discussion


In this work, the accuracy of a novel EPID back-projection transit algorithm (DC 5.8) was assessed, to our knowledge, for the first time, against direct measurements with film dosimetry in an anthropomorphic phantom. The novel DC algorithm was tested in realistic geometries with inhomogeneous tissue densities. The tests performed in the slab phantom aimed to determine the accuracy of the entrance fluence reconstructed by the deconvolution kernel. For all the field sizes, the differences between the reconstructed MUs and the planned MUs are within 2%. The main finding of our work came from the direct comparison of the film measurements and EPID transit reconstructed doses. The GAI between the two measurements was very high, showing a high accuracy of the EPID reconstructed doses in anthropomorphic geometries. The PB algorithm of DC was already tested in a homogeneous phantom against the 2D ionization chamber array for VMAT plans [4], and the agreement of the two measurements was high. However, the PB algorithm was not able to accurately reproduce the dose distributions in the lung, and a strategy of in-water re-computation was needed. The same “in aqua-vivo” solution was previously applied by Wendling et al. [17] to the EPID transit algorithm developed at NKI [18]. The novel CC algorithm of DC was otherwise shown to be able to accurately reproduce the dose distribution also in the lung. The dose reconstructed by DC with the CC algorithm can be directly compared with the TPS doses in the lung target without any need for in-water re-computation.



Van Uytven and co-workers [19] have reported the accuracy of the homemade PDR EPID back-projection algorithm in an anthropomorphic phantom against TPS computation. The dose distributions reconstructed by the PDR algorithm were also accurate in the presence of tissue inhomogeneity. However, in the work of Van Uytven, the EPID doses were only compared to the TPS doses computed by the AAA Eclipse algorithm. Even if the TPS computation could be highly accurate, after proper system commissioning, it should be viewed as only an estimate of the actual dose delivered by the linac. In fact, residual inaccuracies of the TPS implementation, and/or variability of the linac output due to leaves and collimators movement and positioning inaccuracy and mis-calibration, and to monitor unit mis-calibration, limit the use of the TPS computation as a gold standard. We believe that only a direct measure with film could be considered as a gold standard for evaluating the accuracy of an in vivo EPID system before clinical implementation. Radiochromic dosimetry is challenging, but currently, it is consolidated that proper handling, together with the application of a multichannel approach for dose calibration, allows for reliable results [16,20,21].



Our work has some limitations: the first is the phantom used. The Anderson Rando phantom was not originally designed for film dosimetry and offers the only possibility of measuring dose distributions with film between axial slices. This could create a certain space between slices that needs to be taken into account during the plan computation. Moreover, the presence of holes inside the phantom, designed for point dosimetry with thermoluminescent detectors, could add unnecessary complexity to the EPID algorithm. With this work, we highlighted the necessity to develop dedicated anthropomorphic phantoms that could be used for validating the EPID dosimetry with film inserted in multiple planes.



As a future development of this study, we are planning to include more anatomical sites and the evaluation of the sensitivity analysis to error detection, again in combination with film dosimetry.




5. Conclusions


In this work, we validated a novel algorithm for EPID in vivo dosimetry. The fluence reconstruction resulted within 2% in both the homogeneous and the inhomogeneous slab phantoms. The algorithm accuracy for VMAT treatment was tested against a direct film measurement in an anthropomorphic phantom in different anatomic sites. The GAI between DC and film was 92.7% in the prostate, 92.9% in the lung, 96.6% in the head and the neck, and 94.6% in the brain. The methods used in this work can be applied to any EPID back-projection algorithm for in vivo applications.
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Figure 1. I’mRT Phantom used for verification of the fluence reconstruction accuracy. On the left side, the homogenous slab phantom configuration is shown, in the central part the slab phantom with the air insert is shown, and on the left side the slab phantom with the bone insert is shown. 
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Figure 2. The Alderson phantom with the applied contours used for planning. 
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Figure 3. In this figure, the primary fluence reconstructed by the deconvolution kernel of DC in the slab phantom with homogeneous insert is shown with bone-like insert and with air insert. 
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Figure 4. Percentage depth dose (PDD) on the slab phantom with air inhomogeneity on the central axis computed by the treatment planning system Monaco 5.11 with MonteCarlo algorithm and reconstructed with the pencil beam (PB) algorithm and the Collapsed Cone Convolution algorithm of the EPID algorithm Dosimetry Check 5.8. 
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Figure 5. Gamma agreement index at 3%/3 mm local normalization with 10% dose threshold between film dosimetry at the central axial slice, the two Dosimetry Check algorithms, pencils beam (PB) and Collapsed Cone Convolution (CCC), and the planned dose distributions computed by the treatment planning system (TPS). 
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Figure 6. Isodose lines comparison (DC in bold and EBT3 in thin) and map of the gamma values (local, 3%/3 mm, threshold 10%) for the different considered treatment sites and calculation algorithms. (a) Brain plan and PB calculation algorithm; (b) Brain plan and CC calculation algorithm; (c) H&N plan and PB calculation algorithm; (d) H&N plan and CC calculation algorithm; (e) Lung plan and PB calculation algorithm; (f) Lung plan and CC calculation algorithm; (g) Prostate plan and PB calculation algorithm; (h) Prostate plan and CC calculation algorithm. 
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Figure 7. Gamma agreement index at 3%/3 mm local normalization with 10% dose threshold, in the axial slice passing through the isocenter, between the Dosimetry Check doses reconstructed with the two algorithms, pencils beam (PB) and Collapsed Cone Convolution (CCC), and the planned doses computed by the treatment planning system (TPS). 
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Figure 8. Comparison of computed dose distribution for the VMAT plans: green lines are the doses computed by the treatment planning system; pink lines are the doses reconstructed by the Dosimetry check with the Collapsed cone convolution algorithm. Isodoses curves displayed are the 100%, 95%, 90%, 80% and 50% of the prescribed dose. 
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Table 1. Parameters used for planning the volumetric modulated treatment with the radiobiological cost functions of MONACO 5.11.
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	Plan
	Arcs
	Beam Energy
	Tot MU
	Structures Used in Plan Optimization
	Dose Prescription Tot (frac) Gy





	Prostate
	One 360° arc
	10 MV
	896.3
	PTV; CTV; Bladder; Rectum; Femoral Heads; Penil Bulb
	70.2 (2.7)



	Brain
	One 360° arc
	6 MV
	324.1
	PTV; CTV; Brain, Brainstem, Ocular Bulbs
	24 (2)



	Head and neck
	Four 360° arcs
	6 MV
	838.1
	PTV 70; PTV 60; PTV 54; Parotids glands; Cord; Brainstem
	70–60–54 (2.1–1.8–1.7)



	Lung
	One 180° arc
	6 MV
	439.1
	PTV; CTV; Lungs; Mediastinum; Chest wall
	50 (2)
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