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      Abstract

      


      CT images with the presence of metallic implants may cause severe metal artifacts with incorrect CT numbers, which lead to inaccurate dose calculation in RT planning. The goal of this study was to evaluate the dosimetric impact of metallic implants that correlates with the size of targets and metallic implants and the distance between the two on volumetric-modulated arc therapy (VMAT) plans for head and neck (H&N) cancer patients with dental implants. CT images of six cases were used. Target volumes with different sizes and locations were outlined. In addition, artifact regions excluding surrounding critical organs were contoured and assigned with CT numbers close to water. VMAT plans with half-arc, one-arc and two-arc were generated and same plans were applied to structure sets with and without CT number assignment and compared by 3D gamma index with the criteria of 2% of dose-difference and 2 mm of distance-to-agreement (γ < 2%/2 mm), dose-volume parameters, conformity index and homogeneity index. The target size showed a vague dosimetric correlation if the target location was far from the implants, however, if the distance between target and implants was close, higher dose discrepancy was found in larger target size. As the target location relative to implants was larger, the γ < 2%/2 mm passing rate became higher. The larger the implant size, the greater the dose difference would be. Furthermore, half-arc plans demonstrated the greatest impact while two-arc had the smallest or similar influence with one-arc plans. In conclusion, small target size and large high-Z metallic implants with short distance in between can cause severe dosimetric impact.
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      Introduction

      


      In radiation therapy, computed tomography (CT) images are used for target and organ at risk (OAR) delineation and provide electron density information for dose calculation in radiotherapy treatment planning. Accurate CT data assures the accuracy of dose calculation. However, the presence of metallic objects of high atomic number (high-Z) materials in CT images may create severe metal artifacts accompanied by bright and dark streaking effect due to beam hardening and scattering, which results in incorrect CT numbers in the areas around the metal and jeopardizes the accuracy of the calculated dose to be delivered to the patient.


      Therefore, various metal artifact reduction (MAR) methods have been proposed in order to eliminate the metal artifact by either replacing corrupted data or correcting them [1]. The most common approach is to ignore projections affected by the metal objects in the raw data which are corrupted, and apply for different interpolation methods such as linear, polynomial, cubic, spline or wavelet interpolation for recovering the missing data [2-6]. Wei, et al. [4] presented the metal artifact suppression (MAS) method by using smoothing and polynomial interpolation on the projection profile to suppress the artifacts. Meyer, et al. [6] proposed the normalized metal artifact reduction (NMAR) method to improve standard MAR by applying the normalization method for preventing newly introduced artifacts created from interpolation. Meyer, et al. [1] then presented the frequency split metal artifact reduction (FSMAR) method, an inpainting-based method, which combines the high frequencies of an uncorrected image, where all available data were used for the reconstruction with the more reliable low frequencies of an image which was corrected with the NMAR method. Veldkamp, et al. [3] proposed a segmentation by using a Markov random field model (MRF) and interpolation techniques in sinogram for MAS in CT. Abdoli, et al. [7] evaluated five MAR methods, including one-dimensional linear interpolation (LI), two-dimensional interpolation (2D), a NMAR technique, a metal deletion technique, and a maximum a posteriori completion (MAPC) approach for CT images of patients with hip prostheses by using simulation and clinical data. The results showed that simulation studies revealed 2D, NMAR, and MAPC techniques performed almost equally well except for LI and the visual assessment of clinical data revealed the superiority of NMAR and MAPC in the evaluated pelvic organs and overall image quality.


      Furthermore, a number of articles investigated the dosimetirc impact of metallic artifacts with different MAR methods. Wei, et al. [8] proposed that the target may reveal severe underdose if the artifact-contaminated CT image is used instead of the artifact-suppressed one for all proton, electron or photon treatment modalities. Kim, et al. [9] discussed that the presence of metal artifacts can cause relatively hot spots in OARs and cold spots in targets. Li, et al. [10] concluded that their MAR reduced the CT artifact and improved the CT number accuracy but there was no significant impact of the calculated dose distributions. Lin, et al. [11] investigated the dosimetric impact of dental implants of three different implant materials: Titanium, Degubond 4 and gold. They found that the main effect of the dental implant was the severe attenuation in the downstream and the planning target volume (PTV) coverage for volumetric modulated arc therapy (VMAT) plans degrades significantly but within clinically acceptable level. Maerz, et al. [12] investigated the dose impact on intensity modulated radiotherapy (IMRT) and VMAT plans with phantoms that consist of homogeneous water equivalent material surrounding dental implants for the accuracy of dose calculations, compared to measured data using EBT2 films and the benefit of MAR using bulk density correction. The results showed that the accuracy of dose calculations is significantly high on corrected CT images, and the VMAT plan has higher agreement of calculated and measured dose distribution than the IMRT plan. Kamomae, et al. [13] also investigated the dosimetric impact of dental metallic crown (DMC) and the results showed that the dose enhancement and reduction could be mitigated by use of multiple beams and wide gantry rotation angles and for IMRT and VMAT, the dose impact occurred randomly due to the complex combination of beam penetrating the DMC. Spadea, et al. [14] focused on the severity of dosimetric impact for low-Z and high-Z metal implants and found low-Z material had no significant dose discrepancies between CT sets with and without applying MAR algorithm while high-Z implant caused relevant underdose around the metal and overdose downstream of the hardware.


      VMAT is an advanced IMRT technology that delivers dose with continuous motion of multi-leaf collimator (MLC) and intensity modulation during 360° gantry rotation in a single or multi-arc treatment within a few minutes. VMAT improves dose conformity to the target while shortening the treatment period. Previous research showed that VMAT provides similar or even better treatment plan achievement as IMRT [15-17] and possesses higher dose calculation accuracy than IMRT [12].


      Even though there are thriving literatures discussing the dosimetric discrepancy of metal implants between corrected and uncorrected CT image sets by MAR methods, seldom mention the effect of metal artifacts pertaining to target and metallic implant sizes and the location of target with metal implants that have been taken into account. The goal of this study was to evaluate the dosimetric impact of metallic implants that correlates with the size of targets and the implants and distance in between on VMAT plans for Head and Neck (H&N) cancer patients with dental metallic implants.


      Materials and Methods

      


      Patient data and contouring


      CT image data of six H&N cancer patients with dental metallic implants were used in this study. The volumes of metal implants for these six patients were summarized in Table 1. The CT number of metal implants is considered to be higher than 2000 HU that could causes major metal artifact [1,4]. Thus, the metal volume was contoured manually based on the criteria and then measured in the Treatment Planning System (TPS). Various metal implant volumes of different patients allowed us to investigate the dosimetric effect due to the size of the implants. In addition, obtaining exact information of the materials of the metal implants for each patient is difficult in this retrospective study. However, the commonly used materials for metal implants are titanium alloy, titanium, crown, and amalgam with relative electron densities of 3.72, 3.76, 7.17, and 9.09 [18]. The corresponding HU are all higher than 2000 HU. Therefore, contouring the area of CT number higher than 2000 HU to identify the volume of metal implants is reasonable.


      Target volumes with different sizes and locations were arbitrarily determined as listed in detail in Table 1 and organ at risk (OARs) such as brain stem, spinal cord, parotid glands, eyes, oral cavity and etc. were also contoured by the same experienced investigator in order to eliminate variations from manual contouring. Metal artifact regions with dark and bright streaks, excluding surrounding critical organs, were outlined and assigned with CT numbers close to water (0HU) which represents soft tissue as water equivalent for regions of inaccurate CT number. On Table 1, numbers with an asterisk symbol on the row of the target volume indicates the specific target volumes that were utilized to create different distances between target and metallic implants for assessing dosimetric impact under target location consideration.


      
        Table 1: Summary of the volumes of metal implant and target and distance between target and metallic implant for six head and neck cancer patients. View Table 1

      


      VMAT planning


      All the VMAT treatment plans in this study were designed using the Eclipse TPS version 11.0.47 and a 6 MV photon beam was used. VMAT plans with half-arc (90° to 270° counterclockwise rotation), one-full-arc (181°-179° clockwise rotation) and two-full-arcs (181°-179° clockwise and 179°-181° coun¬terclockwise rotations) were constructed with AAA algorithm plan optimization and dose calculation. The prescribed dose of all plans was 69.96Gy (2.12Gy/fr. × 33 fraction) and 95% of PTV was covered by at least 95% of prescribed dose for all the plans with original CT images. The same plans were applied to structure sets with and without CT number correction of metal artifact regions and the results were compared.


      Dose evaluation


      In order to evaluate the dosimetric differences between plans with (planHU0) and without (planori) replacing CT number of metal artifact regions, the dose matrices of two plans were compared by conducting the following parameters using in-house MATLAB codes. Gamma index [19].


      3D gamma index (γ) was used to assess and score the dose difference which takes both dose deviation (ΔD) and Distance-to-agreement (DTA) into account and γ is defined as


      γ= ( ΔD/ C ΔD ) 2 + ( DTA/ C DTA ) 2  (1)


      Where ΔD compares dose difference of planori and planHU0 in the same voxel of spatial coordinates; DTA means the shortest distance where two voxels in different plans own the same dose values; C ΔD is criteria of dose deviation and  C DTA is criteria of DTA.


      ΔD can be written as ΔD= D ori ( r ori )− D HU0 ( r HU0 )(2)


      Where Dori(rori) represents the dose in voxel rori and DHU0(rHU0) is the dose in voxel rHU0. The disadvantage of dose deviation is that it is very sensitive to small spatial displacements in steep dose gradient regions and the value can be large without actual clinical significance.


      DTA can be calculated as DTA=min{ | r HU0’− r ori | }(3)


      That the voxels in planHU0 with dose equal to the dose in rori are donated by rHU0'. The drawback of DTA is that if the dose in the region surrounding the pixel is approximately homogeneous, the DTA value may become unreasonably large even though the dose difference between rori and rHU0 is small.


      The criteria of γ values used in this study were 2% of ΔD and 2 mm of DTA (γ < 2%/2 mm) for the dose coverage difference within the 50% and 90% isodose volume and also the volume extended 1 cm outside the metal implants.


      Dose-volume parameter


      In terms of the DVH curves of the PTV, dose-volume parameters of the dose received by 95% PTV (D95%) and the percent volume of the PTV that receives 95% or more of the prescribed dose (V95%) was analyzed for evaluation of the PTV dose coverage.


      Conformity index & Homogeneity index


      Conformity index (CI) determines the quality of the volume of dose distribution that conforms to the target volume. Paddick CI [20] was used as


      CI= (T V PIV ) 2 /(TV×PIV)(4)


      Where TVPIV is the target volume covered by prescription isodose volume, TV is the target volume and PIV is the prescription isodose volume.


      Homogeneity Index (HI) [20] is an analysis of the uniformity of dose distribution in the target volume. The HI was calculated as


      HI=( D 1 − D 99 )/ D p ×100​(5)


      Where D1 is the minimum dose to 1% of the target volume, indicating the "maximum dose"; D99 is the minimum dose to the 99% of the target volume, indicating the "minimum dose" and Dp is the prescribed dose.


      The differences of CI (ΔCI) and HI (ΔHI) for dose distributions between plans with and without CT number correction were analyzed in this study.


      Results

      


      Target size


      Table 2 shows the percentage of gamma index with the criteria of 2% ΔD and 2 mm DTA (γ < 2%/2 mm) within the 50% and 90% isodose volume corresponding to various target sizes for six patients with half-arc, one-full-arc and two-full-arcs plans. In general, if the target location was close enough to the metal implants, lower γ < 2%/2 mm was found in the case of larger target size due to larger overlapping with the CT number replacement region, while smaller target size resulted in higher γ < 2%/2 mm. With the target location far from the metal implant, there showed less dosimetric effect for different target sizes. In fact, it is challenging to consider target size only due to the difficulty of contouring different target volumes with the same location of center of mass. The percentage of γ < 2%/2 mm within the region extended 1 cm from the metal implant is demonstrated in Table 3. This region is considered as the most affected area by metal artifacts surrounding the metal implant. The result presented similar dosimetric effect, as in Table 2, that the smaller target size led to higher passing rate. In addition, half-arc plans always demonstrated greatest impact while two-arc plans had smallest or similar influence with one-arc plans.


      
        Table 2: Percentage of γ < 2%/2mm within the 50% and 90% isodose volume regarding target size for one-arc, half-arc and two-arc VMAT plans of six patients. View Table 2

      

      

      
        Table 3: Percentage of γ < 2%/2mm within the volume extended 1 cm outside the metal implants regarding target size for one-arc, half-arc and two-arc VMAT plans of six patients. View Table 3

      


      As for the ΔD95% and ΔV95%, the values basically possess the reduced trend with larger target volume as shown in Figure 1 and ΔCI and ΔHI had almost no difference C ΔD All were smaller than 0.1 for all half-arc, one-arc and two-arc VMAT plans.


      
        [image: ] Figure 1: Comparison of the difference of PTV dose coverage (ΔD95%) between plans with and without CT number correction in regard to target sizes for six patients. View Figure 1

      


      Distance between target and metallic implants


      With regard to the target location, Table 4 and Table 5 analyze the percentage γ < 2%/2 mm within the regions of 50% and 90% isodose and the region extended 1 cm outside the volume of the metal implants, respectively.


      
        Table 4: Percentage of γ < 2%/2mm within the 50% and 90% isodose volume regarding distance between target and metallic implants for one-arc, half-arc and two-arc VMAT plans of six patients. View Table 4

      

      

      
        Table 5: Percentage of γ < 2%/2mm within the volume extended 1 cm outside the metal implants regarding distance between target and metallic implants for one-arc, half-arc and two-arc VMAT plans of six patients. View Table 5

      


      Both results illustrated that the dose discrepancy between plans with and without CT number assignment increased with reducing distance between target and metallic implants for all six patients, i.e. the passing rate of γ < 2%/2 mm was higher for larger distance than for shorter distance apart from target to metal, as shown in Figure 2.


      
        [image: ] Figure 2: Comparison of the percentage of gamma index with criteria of 2% ΔD and 2 mm DTA (γ < 2%/2 mm) of dose distribution between one-arc plans with and without CT number correction within the 50% isodose volume regarding the distance between target and metallic implants for six patients. View Figure 2

      


      Even though some values seemed against the rising tendency of dose difference with decreasing distance between target and metal implants for γ < 2%/2 mm values, the dosimetric impact evidently followed the trend if performing the gamma index with the criteria of 1% ΔD and 1 mm DTA (γ < 1%/1 mm) since some data falls between 1-2% ΔD and 1-2 mm DTA. Furthermore, comparing three designs of VMAT plans, the half-arc plan revealed the largest difference while two-arc plans owned the smallest variation.


      In addition, when considering the ΔD95%, almost all values showed less than 0.5 difference and the ΔV95% values were near zero for all plans with and without replacing CT number. Moreover, half-arc plans again showed greater impact than one-arc and two-arc plans. The ΔCI and ΔHI also demonstrated no significant difference with all values less than 0.1 for all VMAT plans.


      Size of metallic implants


      In order to take the size of metallic implants of different patients into account nearly independently, six patients were discussed in three main groups by the metal implant size: patient 1 and patient 5, with sizes of 4.8 and 4.6 cm2; patient 2 and patient 4, with sizes of 2.6 and 2.9 cm2; and patient 3 and patient 6, with sizes smaller than 0.6 cm2 and 0.9 cm2. The patients were separated into several subgroups associated with similar target size and similar distance between target and metallic implants. Consequently, for most cases, the larger the size of the metallic implant, the smaller the γ < 2%/2 mm (Table 4 and Table 5) values would be.


      Discussion

      


      Metallic artifacts in CT images caused by the presence of high-Z and high-density materials contribute to the uncertainty of dose calculation in VMAT planning for H&N cancer patients with dental metallic implants. In this study, we focused on investigating the dosimetric impact of metallic implants that are associated with the size of targets and metallic implants as well as distance between the target and the implants on VMAT plans in CT image with and without CT number assignment on the metal artifact region.


      The target size showed vague correlation of dosimetric impact because the influential factors not only included target size, but also location information. However, if the target is close enough to the metal implant, smaller target size results in higher γ < 2%/2 mm passing rate. Considering the target location relative to the metallic implants, the closer they are, the larger the dose discrepancies would be. This is because the overlapping region with reassignment of CT number is larger. On the contrary, the target location related to metal implants with the same target size presented clear relevancy that shorter distances between target and metal implants lead to larger error in dose computation. As for metal implant size, higher passing rate of γ < 2%/2 mm was found in smaller size of metal implants. However, both patient 1 and patient 5 had larger metal implants of about 4.7 cm2 but patient 5 displayed larger impact of dose distribution with and without CT number replacement. This might be due to the different material of metal implants which was not taken into account in this study. This was one of the other factors that influenced the dose distribution owing to CT metal artifacts that was discussed by Spadea, et al. [14], high-Z metal implant caused larger dose differences than the low-Z.


      Three sets of gamma index analysis with ΔD of 2% and DTA of 2 mm (γ < 2%/2 mm) were performed, focusing on three certain regions: Volumes within 50% and 90% isodose regions and volume extended 1 cm from the target instead of the whole involved volumes. The first two scored PTV dose coverage difference of low and high dose region. If the second value is higher than the first one, it indicates that the dose error falls in the lower dose region, and vice versa. The third one evaluated the most affected CT metal artifact region surrounding metallic implants. Other dose evaluation values, D95%,V95%, CI and HI, were all small for all the plans. Larger dose impact was showed if the metallic implant was large and close to the target with small target size. Otherwise, the difference was less clinically significant. The dose error for these values was averaged out by taking the whole large involved and uninvolved volume into the calculation of those parameters rather than a specific region that resulted in a small evaluated number. This means D95%,V95%, CI and HI are not as promising as the gamma index assessed within a certain region in considering metal artifact case.


      In terms of the design of VMAT plans with half-arc, one-arc and two-arc, the results demonstrated that two-arc plans held highest agreement of the dose distribution than one-arc plans which had similar or slightly larger dose discrepancy. Half-arc plans which showed the largest perturbation of dose distribution between plans with and without CT number correction. More arcs alleviate the dose error caused by metal artifacts because of relatively less contribution to the target dose from beams going through the regions with metallic artifacts. Therefore, half-arc plans had particularly large dose differences due to most of the beam path was delivered from the anterior direction with wide affected region of CT metal artifact.


      Conclusion

      


      Incorrect CT number causes inaccurate calculated dose distribution, therefore, appropriately overwriting metallic artifact regions with reasonable CT numbers or applying metal artifact reduction method to diminish dose calculation error is recommended. Smaller target size and larger high-Z metallic implants with shorter distance in between can cause severer dosimetric impact. Plans with more arcs may alleviate the effect due to relatively less contribution to target dose from the beams passing through the regions with metallic artifacts.
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