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Introduction

Contouring of gas pockets is a time consuming step in the workflow of adaptive radiotherapy. We would like to better understand which gas pockets electronic densitiy should be used and the dosimetric impact on adaptive MRgRT treatment.





Materials and methods

21 CT scans of patients undergoing SBRT were retrospectively evaluated. Anatomical structures were contoured: Gross Tumour Volume (GTV), stomach (ST), small bowel (SB), large bowel (LB), gas pockets (GAS) and gas in each organ respectively STG, SBG, LBG. Average HU in GAS was converted in RED, the obtained value has been named as Gastrointestinal Gas RED (GIGED). Differences of average HU in GAS, STG, SBG and LBG were computed. Three treatment plans were calculated editing the GAS volume RED that was overwritten with: air RED (0.0012), water RED (1.000), GIGED, generating respectively APLAN, WPLAN and the GPLAN. 2-D dose distributions were analyzed by gamma analysis. Parameter called active gas volume (AGV) was calculated as the intersection of GAS with the isodose of 5% of prescription dose.





Results

Average HU value contained in GAS results to be equal to -620. No significative difference was noted between the average HU of gas in different organ at risk. Value of Gamma Passing Rate (GPR) anticorrelates with the AGV for each plan comparison and the threshold value for GPR to fall below 90% is 41, 60 and 139 cc for WPLANvsAPLAN, GPLANvsAPLAN and WPLANvsGPLAN respectively.





Discussions

GIGED is the right RED for Gastrointestinal Gas. Novel AGV is a useful parameter to evaluate the effect of gas pocket on dose distribution.
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1 Introduction

Online adaptive MRI-guided radiotherapy (MRgRT) has many advantages for the patient (1–5), one of the most important is the ability to provide a treatment plan that is best tailored to the daily anatomical situation of the patient. Online adaptive treatments involve a multidisciplinary approach in the MR-Linac treatment control room: Radiation Therapists (RTT) for positioning, Radiation Oncologists (RO) for recontouring and Medical Physicists (MP) for evaluating the eventual changes in electron density (ED) map that could affect plan recalculation, before re-optimize (if needed) the dose distribution. One of the tasks of MP is to verify the accuracy of the. This map is generated from the simulation CT and is used as a “ED-model” for the patient in the dose calculation process. The simulation CT, being performed a few days before the treatment, has a sensitivity to the day-to-day situation that can vary, as the patient may go through anatomical variations. Indeed, among the inter- and intra-fraction anatomical variations that may occur, the one that has the greatest effect on the electron density map, is the formation and displacement of abdominal and pelvic gas pockets. These can alter the patient’s anatomy by displacing both targets and organs at risk (OAR) in their proximity (6), but most importantly creating interfaces with very different electron densities, affecting dose distribution (7–9). During the online adaptive workflow, MP is concerned, in the preliminary phase, with the recontouring volumes useful for dose optimization including gas pockets. In the current adaptive workflow, the simulation CT can be rigidly or deformably registered with the daily MRI scan to obtain the updated electron density map. In the rigid workflow it is obvious that the re-countouring of the gas pockets must be done manually, but this is also the case in the deformable workflow if the gas pockets deviate greatly in volume and position since the deformable image registration (DIR) algorithm cannot reproduce them correctly. Accurate and complete contouring of the gas pockets position and size plays an important role in the process of adaptive radiotherapy especially since its purpose is to provide a treatment plan that included the daily variation in electron densities due to daily anatomy changing. Contouring is still a time-consuming process, even with the aid of modern automatic contouring tools. Therefore, it is important to understand when contouring is necessary and when it can be overlooked. The present literature mainly focusing on the issue of the electron return effect (ERE) with phantoms studies, CTs with ad-hoc synthetic gas pockets and Monte Carlo simulations (7, 9–13). In the few clinical published papers, the authors describe the effect of gas pocket only varying the metrics of the dosimetric analysis in terms of gamma passing rate (GPR), or by conformation indices, or comparing dose volume histograms (DVHs) of targets and OARs, reporting also very different results (8, 14–16). With this study, we would like to gain a better understanding of the nature of electronic densities of gas pockets and their dosimetric impact on a MRgRT treatment in a hybrid 0.35 T MRI-Linac. The aims of this study are:

	to evaluate a CT-derived gas pockets RED, considering that in the clinical practice air RED is used for gas pockets RED override

	to evaluate the differences in gas pockets RED with the respect to the specific OARs in which they are contained

	to quantify the dosimetric impact (both on targets and OARs) of gastrointestinal (GI) gas pockets RED override with different REDs

	to define a quantitative parameter able to describe such dosimetric impact






2 Materials and methods



2.1 Evaluation of gas pockets relative electron density map

Twenty-one CT scans, one for each different patient undergoing SBRT for gastrointestinal lesion were retrospectively evaluated. All the scans were acquired using the radiotherapy department simulation CT scanner (Discovery Optima, GEhealthcare, Madison, WI) with the same standard GI protocol. Our center’s protocol provides a CT acquisition with 120 kV, 135 mA, slice thickness 1.25 mm, in plane resolution 1.27 x 1.27 mm2 and the maximum field of view for all GI patients. The following anatomical structures were contoured during the treatment planning process: Gross Tumour Volume (GTV) and relative 3 mm isotropic expansion (PTV), the Gastrointestinal Organs at Risk (GIOARs), including stomach (ST), small bowel (SB), large bowel (LB) and gas pockets in the abdominal cavity (GAS). Three additional specific volumes of gas pockets were also defined and contoured: the intersection of GAS volume with each GIOAR obtaining stomach gas volume (STG), small bowel gas volume (SBG) and large bowel gas volume (LBG) (Figure 1). We did not deem it appropriate to add the duodenum to the list of GIOARs containing gas pockets due to the scarcity of gases present within its lumen in the sample of patients analyzed. All contouring were performed by a radiation oncologist with at least 5 years of experience. The normality of the distribution of the mean values of the Hounsfield Units (HU) of pixels contained in GAS, STG, SBG and LBG volumes for all CT scans was tested singularly using a Kolmogorov-Smirnov test (p=0.05). Mean value of HU values of the pixels contained in GAS structure of all patients was converted in RED using the calibration curve of the CT scanner and the obtained value has been named as Gastrointestinal Gas relative Electron Density (GIGED). Finally, differences of mean values of HU of the pixels included in GAS, STG, SBG and LBG using a Wilcoxon-Mann-Whitney test for unpaired samples with a threshold p-value of 0.05 were computed.




Figure 1 | Location of abdominal gas volumes divided by the organ at risk in which they are located. A patient’s CT is shown with gas pockets in the stomach highlighted in blue, those in the small bowel in green and those in the large bowel in red.






2.2 Evaluation of dosimetric impact

For each patient, three different treatment plans were calculated starting from the same clinical plan. The same fluences of the clinical plan were re-computed without any plan optimization, only editing the GAS volume RED that was overwritten with:

	1 - the conventional AIR relative electron density value (0.0012, standard TPS value) (APLAN)

	2 - the water electron density value (1.000) (WPLAN)

	3 - the GIGED value (GPLAN)



generating respectively the APLAN, WPLAN and the GPLAN. WPLAN aims to simulate the extreme-case scenario of the patient presenting completely without air pockets. All clinical initial plans were calculated using the MRIdian (ViewRay Technologies Inc., Oakwood Village, OH) TPS by an experienced medical physicist. The planning was realized using the MRIdian Planning Technique (MPT) (17, 18) a particular technique for robust online adaptive planning. The plans were optimized using a standard template for the positioning and number of the Linac gantry angles. Twenty-four beams were equally distributed around the patient, except for two small sectors of about 20 degrees positioned at about 120 and 240 degrees where no radiation beams were present to avoid couch edges. All treatment plans dose prescriptions were at the 80% isodose and ranged from 35 to 40 Gy. Dose optimization for IMRT step-and-shoot treatments was then performed using the Kawrakow Monte Carlo (KMC) algorithm (19) on the MRIdian TPS (2500000 histories, dose grid 1.0 x 1.0 mm2, 1% of recalculation uncertainty (20)). 2-D dose distributions obtained for APLAN, WPLAN and GPLAN were compared to each other in terms of gamma analysis (1%/1mm, threshold 10%) (21, 22).. The thresholds of the gamma analysis were chosen to be as tight as possible, being the calculation grid of both dose distributions of 1 mm and the recalculation error of the TPS being estimated at 1%. 2-D gamma analysis was performed separately for the three projections of dose on the three orthogonal planes passing through the centroid of the GTV. Mean value of the three relative gamma passing rates was then considered to evaluate differences in dose distribution. In addition, a parameter called active gas volume (AGV) was introduced and calculated as the intersection of the GAS structure with the isodose of 5% of prescription dose (Figure 2). AGV aims to evaluate and quantify the volume of gas invested by beam path. The Pearson correlation index was computed to verify the correlation between GPR values and the AGV parameter. Finally, DVH analysis was performed extracting the following values to assess dose distribution variation: the percentage volume of PTV covered by 95% of the prescription dose (PTV_V95), minimum dose to PTV as the isodose level that covers the 98% of the PTV volume (PTV_D98), the mean dose to PTV (PTV_D50) and the maximum dose to PTV as the isodose level that covers the 2% of the PTV volume (PTV_D2). Minimum, mean and maximum dose values were then extracted from DVH for the three GIOARs as done for the PTV. The differences of these extracted values for each plan comparison were computed and analyzed.




Figure 2 | The three different dose distributions due to the recalculation of the treatment plan on the different electronic density maps generated by overwriting the volume of gas pockets with RED of water (A - WPLAN), RED of air (B - APLAN) and GIGED (C - GPLAN). In D we show the 5% prescription dose isodose intersecting the AIR structure defining the AGV parameter.






2.3 Dependence of electron return effect on relative electron density

In order to evaluate the dependence of the ERE on the electron density of the interfaces, we conducted a further in silico study. This evaluation better explain and support the obtained results. A Monte Carlo calculation was carried out using the MRIdian TPS (ViewRay Technologies Inc., Oakwood Village, OH) to evaluate the effect of a fixed conformal beam with a 10x10 cm2 field size delivering 10 Gy at the isocentre onto a synthetic cubic phantom. The phantom consisted of a 30x30x30 cm3 solid water block that has a medium interface inside which its relative electron density can be varied (Figure 3). The density-varying gap zone is located 7.5 cm from the top surface of the cubic phantom while the isocentre is 15 cm from the top surface. Eleven different dose distributions were calculated, with a dose grid resolution of 1.0x1.0 mm2, by varying the relative electron density of the gap from air (0.0012) to water (1.0) in steps of 0.1. The axial projections of these dose distributions were compared to that obtained using the RED of air in terms of 2-D gamma analysis with 1%/1mm threshold. We also extracted the percentage dose depth (PDD) on the beam central axis for each calculated dose distribution in order to visualize the differences in terms of ERE.




Figure 3 | Setup of the phantom for the ERE dependency on the interface’s RED experiment. The crosshair sign in red represents the isocenter of the single fixed conformal beam (in yellow). The dark zone contoured in red represents the gap with variable RED.







3 Results



3.1 Evaluation of gas pockets relative electron density

The distribution of the mean values of the HU of pixels contained in both GAS, STG, SBG and LBG structures for all CT scans results to be normally distributed (p-values are 0.71, 0.46, 0.97, 0.94 respectively). Considering all 21 CT scans the mean HU value contained in of GAS structure results to be equal to -620 HU with a standard deviation (SD) of 90 HU. Regarding the different organs we have obtained ( ± SD in parenthesis) -610 ( ± 100) HU for LBG, -590 ( ± 180) HU for STG and -610 ( ± 80) HU for SBG. P-values of statistical test calculated for STG vs. LBG comparison is 0.62 while STG vs. SBG and SBG vs. LBG comparisons are 0.60 and 0.74 respectively (Figure 4).




Figure 4 | Boxplot distribution of the mean Hounsfield Units (HU) values distribution of the Large Bowel Gas (LBG), Small Bowel Gas (SBG) and Stomach Gas (STG) structures with their relative Wilcoxon test p-values. The dashed red line represents the mean HU value of the entire GAS structure, namely -620 HU.



Linear fit of experimental data acquired in the calibration of the simulation CT scanner are reported in Figure 5 together with fit parameters. Only the part of the calibration curve between 0 and -1000 HU has been considered for this study. Linear fit was used to calculate the GIGED value that result to be equal to 0.38 for a HU value of -620.




Figure 5 | Interpolated value for relative electron densities (RED) from the mean value of Hounsfield Units (HU) contained in GAS volume, interpolation on linear fit (red line) of experimental data collected in the simulation CT calibration curve.






3.2 Evaluation of dosimetric impact

Results for mean values of gamma passing rates (GPR) are summarized in Table 1 as well as the calculated values for AGV in cc. For the comparison of WPLAN and APLAN values of GPR range from 40% to 95% with a mean value of 81% while for WPLAN vs GPLAN values range from 69% to 100% with a mean value of 93%. For what concerns GPLAN vs APLAN we have a minimum value of GPR of 57% and a maximum of 96% for a mean value of 86%. Values are plotted in Figure 6 once sorted by increasing AGV value. In addition, we have added lines on the graph for a linear fit of the data for each comparison with the relative R squared value. Based on these linear fits, it’s possible to interpolate, for each comparison, the threshold value of AGV for which the GPR falls below 90%, which is the GPR threshold value recommended by AAPM TG 218 for gamma tests for IMRT treatment plans with thresholds of 3% in dose difference and 2 mm distance to agreement (21). Those values result to be at least 41, 60 and 139 cc for WPLAN vs APLAN, GPLAN vs APLAN and WPLAN vs GPLAN respectively. Pearson’s correlation coefficient between GPR and AGV results to be -0.97, -0.94 and -0.89 for WPLAN vs. GPLAN, WPLAN vs. APLAN and GPLAN vs. APLAN respectively, demonstrating a significant inverse correlation between the two variables. Differences in values extracted from DVH for each comparison of plans are summarized in Figures 7–9 (boxplot are shown without outliers). Figure 7 shows the DVH differences (D98, D50 and D2) in Gy for the three GIOARs evaluated that remain between -1.20 and 1.95 Gy. In Figure 8 are described the PTV’s maximum, minimum and mean dose difference. In this case we find that difference values range from 0.50 to -4.13 Gy. Figure 9 shows difference in PTV coverage: values range between 1.01% to -21.75%. With regard to the patients analyzed, the GTV volume has an average value of 26.28 cc with a maximum of 74.7 cc and a minimum of 1.1 cc, the standard deviation is 18.66 cc. For the PTV we have an average of 42.67 cc with a maximum of 110.1 cc and a minimum of 3.0 cc, the standard deviation is 26.66 cc.


Table 1 | Values of the average gamma passing rate (GPR) (1%, 1mm) for comparisons between plan calculated overwriting gas pockets electron density with water’s one (WPLAN), air’s one (APLAN) and the one calculated in this study (GPLAN) for all patients analyzed.






Figure 6 | Plot of gamma passing rate (GPR) trend as a function of active gas volume (AGV) parameter (in cc) for comparisons between plan calculated overwriting gas pockets electron density with water’s one (WPLAN), air’s one (APLAN) and the one calculated in this study (GPLAN). The solid line represents the linear fit and the relative R2 values are shown (GPLAN vs. APLAN in blue, WPLAN vs. GPLAN in orange and WPLAN vs. APLAN in grey).






Figure 7 | Boxplots of the distributions of the differences (in Gy) in the dose volume histogram (DVH) extracted values for D2, D50 and D98 of different organs at risk (large bowel (LB), small bowel (SB) and stomach (ST)) for different plan comparisons (in red GPLAN vs. APLAN, in green WPLAN vs. APLAN and in blue WPLAN vs. GPLAN).






Figure 8 | Boxplots of the distributions of the differences (in Gy) in the dose volume histogram (DVH) extracted values for D2, D50 and D98 of PTV for the different plan comparisons (in red GPLAN vs. APLAN, in green WPLAN vs. APLAN and in blue WPLAN vs. GPLAN).






Figure 9 | Boxplots of the distributions of the percentage differences in the dose volume histogram (DVH) extracted values for V95 of PTV for the different plan comparisons (in red GPLAN vs. APLAN, in green WPLAN vs. APLAN and in blue WPLAN vs. GPLAN).






3.3 Dependence of electron return effect on relative electron density

The results of the gamma analysis performed are reported in Table 2. In the left column are reported the values of the density gap’s RED in the phantom used for the study, while in the right column, the corresponding values of GPR for the comparison with the dose distribution calculated for the air’s RED. The values change continuously from 68.3% for a RED of 0.1 to a value of 23.8% for a RED of 1.0. The trend of GPR values as a function of RED is plotted in panel “a” of Figure 10: the greatest variation in GPR occurs between the values of 0.1 and 0.3 of RED, with a difference of approximately 37%, while at higher RED values, GPR remains nearly constant. In panels “b” and “c” of Figure 10 are reported the axial projections of the dose distribution calculated for REDs of 0.1 and 1.0, respectively, showing how ERE changes the dose distribution. Figure 11 shows the central axis dose rate (CAX), normalised to the global maximum value, as a function of the distance from the isocentre of the radiation beam. The various curves with different colours relate to the different RED values of the gap. For RED values between 0.0012 and 0.4 the distortions due to ERE are less evident as the RED increases, while for the value of 0.5 (dark blue solid line) the graph already overlaps almost exactly with the curve relative to the RED value of water (dashed orange line). Higher RED values are not plotted in the graph for clarity.


Table 2 | Values of the GPR of the 2-D gamma analysis for comparison between variable RED dose distribution and Air RED dose distribution.






Figure 10 | GPR trend as a function of the RED of the interface in the synthetic phantom (A). In (B, C) the axial projection of the dose distribution in the phantom generated by a 10x10 cm2 field in the presence of an air gap (B) and with the gap filled with water (C).






Figure 11 | Percentage Depth Dose trend measured on the central field axis and normalised to the maximum dose for different RED of the gap of the synthetic phantom. The various curves with different colours relate to the different RED values of the gap. In particular the orange dotted line is related to water’s RED value.







4 Discussion



4.1 Gas pockets RED

Considering the results obtained in the session on the evaluation of gas pockets RED, we demonstrated that the gas contained in the examined OARs does not show statistically significant difference in terms of RED. It therefore turns out to be a legitimate choice to treat the GAS volume as a single volume and to define its RED by taking the average value of the HUs relative to the pixels contained in the GAS volume. The result shows that the RED of the intestinal GAS pockets should not set equal to air’s RED but a higher RED (0.38). All the previously published studies suggested to overwrite the electronic densities of the daily recontoured gas pockets with RED of air. Such approach increase the uncertainty in the daily adapted dose recalculation since the RED of air is an order of magnitude lower than that of the gas pockets (8, 14, 15). In Figure 6, the fits have no pretensions to assert that the model describing the trend of GPR vs. AGV is linear, although the trend has an acceptable R2 in the case of WPLAN vs. GPLAN. Nevertheless, it graphically visualizes the decreasing trend of the GPR function when AGV increases. In the comparison between the recalculated plan with water RED (WPLAN) and the one overwriting the gas pockets RED with GIGED (GPLAN), it is found that the gamma passing rate drops below 90% when the AGV is greater than 139 cc. Therefore, considering the results of this study, it is our opinion that overwriting the RED of gas pockets with air RED can lead to a dosimetric error and should be better to overwrite it with GIGED. The greater the AGV, the greater the dosimetric error will be.




4.2 Dosimetric analysis

Considering the three trend lines shown in Figure 6, the one with the steepest slope is the one comparing WPLAN and APLAN due to the relevant difference in the REDs used. When compared GPLAN and APLAN, and WPLAN and GPLAN, the slopes are less steep: indeed GIGED is about in the middle between the REDs of air and water. Considering the results obtained in this work in our study concerning the dependence of ERE on the RED of the gap, it can also be understood how, depending primarily on ERE, the difference between GPLAN and APLAN is greater than the difference between GPLAN and WPLAN even though the difference between GIGED and air RED is less than between GIGED and water RED. These differences are also reinforced in Figures 7–9 where the WPLAN vs. APLAN comparison (in green) always shows the highest absolute values. Figure 7 depicts and highlights that the largest differences are found in the high and medium dose regions. For low dose region a minor variance is visible and the results show no differences. Differences of the maximum, mean, and minimum dose have a negative trend in the PTV, as well as the target coverage which decreases as the RED of the GAS volume decreases. At present, we cannot justify why, quite counterintuitively, it would appear that the difference in the very high dose zone (PTV) is smaller between APLAN and GPLAN than between GPLAN and WPLAN, although it must be said that these differences are not statistically significant. Further investigation is needed to unravel this interesting topic.




4.3 Comparison with past studies and future implications

Estabrook et al. (16) recalculated the dose distribution using a daily CBCTs, founding an average reduction in target coverage of 3.3%. This target coverage reduction is comparable to the one found in this work, although they found no correlation between the dose covering the 100% of the PTV and the volume of gas pockets. Jin et al. (14) proposed a retrospective MRgRT analysis on 5 cases of pancreatic cancer patients in which the treatment plans of each fraction are recalculated using gas volume contours on the MRs and overwritten with air density. In this paper, the results obtained describe the variation of dosimetric parameters based on intra-fraction variations in the volume and position of the gas pockets. As far as the PTV is concerned, no significant dosimetric changes were found, with a maximum change of 1 Gy in absolute dose. Jin et al. do not present any data or analysis to evaluate the dosimetric impact as a function of the volume variations of the gas pockets. The work carried out by Su et al. within the framework of the SMART protocol (23), reports the results obtained in a dosimetric study where air pockets were recontoured during adaptive MRgRT of 30 patients undergoing SBRT on pancreas in 5 fractions. Homogeneity index (HI), Conformity Index (CI) and Conformity Number (15) are compared for the resulting plans that benefited from the recontouring of gas pockets with the corresponding correction of the electron densities and those that were calculated leaving the CT uncorrected. The reported differences, in terms of D98, D95, D50 and D2 for both PTV and GTV, are not significant. Also in the study by Su et al., no correlations between gas pockets and dosimetric variation has been found. This is due to the small gas volume variation (order of a few cc) that do not allow a direct comparison with our study. This study has some limitations that have to be considered. The number of patients enrolled in this study could be increased even if it a well representative dataset for such analysis, also in comparison within the published literature. Afterwards, the results obtained in this study are related to the calibration curve of the simulation CT of our center: it could be interesting to extend the analysis to other centers. Obviously, with the advent of synthetic CT (24, 25), the considerations and results obtained may be overcome as this technology will allow an automatic, fast and accurate electronic densities correction based on to the daily anatomy although no algorithms sophisticated enough to generate synthetic CTs from MR scans that accurately reproduce the position and volume of both abdominal and pelvic gas pockets can be found in the state of the art. In conclusion this study, as far as our knowledge, is the first that provide a quantitative parameter for correlation between gas pocket s’ volume and its dosimetric effect. No difference in terms of HU for the gas contained in the various GI organs was found and the average HU value is -620 which corresponds to a RED of 0.38 (GIGED), according to our center’s simulation CT calibration curve. The dosimetric results showed that correlations are found between the reduction of the gamma passing rate and the value of the measured AGV. Therefore, AGV is a useful parameter to evaluate the effect of gas pocket on the clinical dose distribution in MRgRT GI treatments. In particular, we found that, using the gamma passing rate metric, a difference of 139 cc of AGV is sufficient to create a significant difference in dose. This value could be used as a threshold for deciding whether or not to recontour gas volumes in the abdomen during an online adaptive workflow.
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Dose distribution have been calculated by Monte Catlo using a synthetic phantom (Figure 3).
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