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Introduction: Various prompt gamma (PG) ray-based techniques have been proposed to monitor the proton range during treatment, but the poor PG statistics produced entangle their clinical application. Recently, we developed a Monte Carlo (MC) simulation model for the enhancement of PG production based on the nuclear cross section of protons with the material transversed, via inserting the non-radioactive elements 19F, 17O, and 127I in a hypothetical tumor area. This work aimed to study the dose distribution changes caused by the addition of specific % weight fractions of PG enhancers in a water medium using MC simulations.
Methods: Our MC model was created using the TOPAS MC package and retaining identical geometries, mixture compositions, and incident proton energies (75, 100, and 200 MeV, respectively) previously tested for the PG statistics enhancement. The total dose deposition in water and in mixture compositions that have been found to maximally increase the PG production was scored and evaluated based on the important dosimetric metrics R90, Bragg peak (BP) width, and full width at half maximum (FWHM). Furthermore, the spatial correlation of PG emissions relative to BPs was also studied and compared on the basis of the BP decrease at R90.
Results and Discussion: There is no significant change in total dose deposition except for 127I. However, dose curve shifts in R90 toward shallower depth, followed by steeper BP and reduced FWHM, were observed in all cases. The percentage changes vary with incident proton energies and mixture compositions. The addition of the stable elements had no effect on the PG spatial emission. The dosimetric study reveals that the addition of the tested stable elements did not change the dose distribution and did not alter the dose deposited by secondary particles. Since their addition increases the electron density of the medium, the shift of BP to shallower depths is linked with the mixture composition changes. Furthermore, a steeper BP value is observed that could be beneficial for OAR avoidance. Since this theoretical study of using 19F, 17O, and 127I as PG enhancers is promising from a dosimetric point of view, experimental studies are necessary to determine their clinical application feasibility.
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1 INTRODUCTION
There are currently 100 clinically active proton therapy centers worldwide [1], and nearly the same number is projected to open by 2025 [1]. The growth of proton centers is justified by the dosimetric advantages of proton therapies versus conventional photon therapies, [2] namely, the accumulation of most of their dose in a sharp peak known as the Bragg peak [2], reduced entrance dose, and dose control in the surrounding organs-at-risk (OARs). Nevertheless, 2.5% of the prescribed proton range +1.5 mm clinical margins and up to 3.5% of the prescribed proton range +3 mm have been added during proton therapy to account for physical and biological uncertainties of proton propagation into the human body [2, 3]. The main causes of physical uncertainties are related to the conversion of the diagnostic computed tomography (CT) images into related proton stopping power, the precise calculation of ionization potential for different types of human tissues, and the accurate proton range determination. Biological uncertainties due to intra-fraction and inter-fraction patient motion, anatomical changes due to treatment, and image quality contribute to the uncertainty margins.
Various methodologies [4–6] have been developed to address proton range uncertainties in order to fully benefit from the advantages of charged particle therapies. One of the most promising methods is based on monitoring the prompt gamma (PG) emission during a proton interaction with the human body [4]. Inelastic collisions of protons with nuclei of the medium result in excited nuclear reaction products, which, during de-excitation, instantaneously (∼1 ns after a proton–matter interaction) emit PG rays along the beam path in the medium transversed [7]. The PG non-isotropic distribution has been linked with the distal decrease of Bragg peak in a water phantom and, thus, with the proton range [8, 9]. PG spectroscopy (PGS) has been suggested [10] for in vivo PG tracking because the emitted PG energy lines are unique, given the energy dependence of the tissue–nuclear characteristics and nuclear cross sections. Specifically, the 4.44- and 6.15-MeV PG emission rays, referred to as P1 and P2 peaks, respectively, not only provide in vivo beam range tracking [4] but also useful information on the concentration of carbon and oxygen in the irradiated tumor target and tissue composition, and changes of OARs during the treatment [7, 11, 12].
Significant progress has been made to bring the PG concept into real-time proton range tracking in clinical settings, and the prototype has been developed [10]. The disadvantages of previously proposed techniques in PG clinical application are the increased algorithmic complexity, the highly sophisticated detection methodologies that need to account for the plethora of PG emissions, and their ability to accurately detect and record only the energies of interest. Krimmer et al. [4] suggest the major issue that entangles the clinical implementation of PG technology is the low PG production statistics. To alleviate this issue and assist the already developed technologies, Galanakou et al. [13] recently suggested that injecting a weight % of the non-radioactive elements 19F, 17O, and 127I in a hypothetical tumor area increases the PG statistics in the energy range that has already been linked to proton range verification in vivo. This technique has only been proven by simulations, and it appears very promising. For instance, adding 0.1% of 19F in the hypothetical tumor area increases the P1 statistics by 16% and by ∼4% for P2 production when 75-MeV proton energy irradiates the medium. Similar trends were found for the 100-MeV incident proton beam. With a 200-MeV incident proton beam energy injection of 1% up to 15% 127I, the P2 statistics increased up to 16% [13].
In this work, we present the dosimetric characteristics of injecting 19F, 17O, and 127I in a hypothetical tumor area that is irradiated with 75, 100, and 200 MeV incident proton energies, respectively, in mixture compositions that were previously found [13] to increase at maximum the PG statistics of P1 and P2. Emphasis is given to dose deposition comparisons with and without the addition of the stable elements to check if the proposed theory alters the expected dose distribution. We quantify the dose changes and present the PG spatial emission correlation with the Bragg peak (BP) position, with and without the injection of stable elements. The information provided could assist in the development of a PG imaging system that tracks BP in vivo when non-radioactive elements are injected.
2 MATERIALS AND METHODS
2.1 Simulation setup
TOol for PArticle Simulation (TOPAS) Monte Carlo (MC) package version 3.5 was utilized [14] to create our simulation code based on the geometry and physics settings selected by [13] Galanakou et. al. Specifically, Figure 1 shows the simulation setup: an outer water-filled cylinder which is 10 cm in diameter and 20 cm in length for a 75-MeV and a 100-MeV proton beam irradiating the medium. When the incident proton beam energy increased to 200 MeV, the length was increased to 30 cm to ensure that the beam fully stops inside the medium transversed. The outer cylinder represents an ideal detector, which is binned (divided in 1,000 bins) longitudinally in the beam direction with a bin width of 0.02 cm for 75 MeV (case I) and 100 MeV (case II), and 0.03 cm for the 200-MeV proton energy (case III). These proton energies were selected since they span along the useful clinical proton beam energy ranges, i.e., shallow tumor sites (∼75 MeV) to deep-seated tumors (∼230 MeV). The bin width selection was performed after trial and error. For instance, in case I, the PG rays were scored with a step of 2 mm depth because a larger bin width resulted in peak overlap phenomena, while a smaller bin size increased the execution time while giving the same result. The inner cylinder is the hypothetical tumor area with the same length as the outer cylinder and a diameter half of its length. The concentric cylinders are placed inside the simulation geometry defined by the light blue box that is filled with G4_AIR material [14]. The physics list used includes the following: “g4em-extra,” “g4em-standard_opt4,” “g4ion-binarycascade,” “g4stopping,” “g4decay,” “g4h-phy_QGSP_BIC_HP,” and “g4radioactivedecay.” The list considers both electromagnetic and hadronic interactions, and contains the full cross-section calculations for the proton transport and secondary particles generated.
[image: Figure 1]FIGURE 1 | TOPAS simulation geometry is defined by the light blue box that is filled with G4_AIR. The ideal cylindrical detector is represented in pink. The hypothetical tumor is shown as a gray co-cylinder inside the detector.
First, we simulated the PG energy spectra for 75, 100, and 200 MeV incident proton energies in the full water-filled geometry to characterize the origin of the peaks and replicate similar PG spectra [13]. Then, we inserted the smallest weight (wt) % fractions of the 19F, 17O, and 127I elements that resulted in the greatest P1 and/or P2 production increase [13] in the inner cylinder. We assume that the non-radioactive elements fully diffused in the inner cylinder and that the mixture is dissolved. The wt% of the stable elements added in the inner cylinder and their corresponding P1 and/or P2 percentage increase are listed in Table 1.
TABLE 1 | Mixture compositions used for three incident proton energies, 75 MeV noted as case I, 100 MeV noted as case II, and 200 MeV noted as case III, along with the smallest % wt addition of the stable elements and greatest % PG enhancement [13].
[image: Table 1]2.2 Dose comparisons
The Bragg peaks (BPs) for the three incident proton energies were produced in water and were compared with those resulting from the addition of stable elements in the mixture. The comparisons were based on the fundamental dosimetric quantities R90, R80a, R80b, R50a, and R50b. The proton range is defined [15] as the R90 point in water where the proton has 90% of its dose in the distal decline of pristine BP. The difference between R80b and R80a represents the width of BP, where a and b are the points proximal and distal to BP, respectively, where the proton has 80% of its initial energy. R80b corresponds to the mean projected range of a clinical proton beam and depends on the initial energy spread. The difference of R50b–R50a, that is the 50% dose level, is considered the full width of half maximum (FWHM) of the beam. It was also used since beam spot sizes are evaluated at FWHM in vertical and horizontal dimensions. The dose deposited by protons, alpha particles, neutrons, and total gamma rays was scored in the whole simulation volume and compared with and without the selected stable elements in terms of total dose deposition in Gy.
2.3 PG emission
The spatial correlation between inelastic (proton-nucleus collision) PG emissions of 4.44 and 6.15 MeV and the proton range was studied by simulating the longitudinal distribution of PG rays of P1 and P2 concerning BP for addition of 75 MeV and 0.1% 19F. A parallel geometry was added in the center of the simulation geometry (Figure 1). A phase–space file was created by selectively scoring the origin of PG rays of 4.44 and 6.15 MeV generated in the inner cylinder (the hypothetical tumor area), where the incident’s beam direction (z-direction) was divided into 1,000 bins. The BP of the 75-MeV proton beam was plotted to show the correlation between BP and P1 and P2 spectra with and without the addition of 19F. Then, 106 proton histories were simulated to study this correlation with an associated statistical error of [image: image], where N is the number of histories. Notably, increasing the number of histories would result in reduced error, but it would lead to increased calculation time without an extra benefit, regarding the PG-BP correlation.
3 RESULTS
Numerical results for case I, II, and III are given in Table 2. When a 75-MeV proton beam irradiated the simulation geometry (Figure 1) that was fully water-filled, the total dose deposited was 7.51 cGy. With the addition of 0.1% 19F to the mixture, the total dose deposited was decreased by 0.06%. This is because the BP width and FWHM were reduced by 25% and 9.5%, respectively, with the addition of the non-radioactive element, making BP steeper. The BP width and FWHM in water were 0.16 cm and 0.42 cm, and by adding 19F were 0.12 and 0.38 cm, respectively (Figure 2A).
TABLE 2 | Quantitative dose results for total dose deposition, dose deposited by protons, neutrons, alpha particles, gamma rays, and electrons with and without the addition of the stable element for all cases tested, as shown in Table 1.
[image: Table 2][image: Figure 2]FIGURE 2 | Dose distribution as a function of depth for 75-MeV proton irradiation: (A) total dose distribution in water (H2O)-filled geometry compared to the total dose distribution when 0.1% 19F was added to the mixture. (B) Dose distribution deposited by gamma rays (γ) in water-filled geometry compared to the dose distribution deposited by neutrons (n) when 0.1% 19F is added to the mixture. (C) Dose distribution deposited by electrons (e−) in water-filled geometry compared to the dose distribution deposited by alpha particles when 0.1% 19F was added to the mixture.
The proton range in water at R90 is 4.62 cm, which coincides with the PSTAR library [16]. The dose deposited by neutrons (Figure 2B), gamma rays (Figure 2B), alpha particles (Figure 2C), and electrons (Figure 2C) is also plotted. It was found that there is no significant change in the dose deposition with the addition of 19F, as listed in Table 2. Nevertheless, by comparing the proton range in water at R90 with the proton range in the water-filled simulation geometry with the addition of 0.1 wt% of 19F, R90 shifted to the left by 0.87% (Table 3) and by 2.38% due to alpha particles. At the R50 point of the depth, where the dose falls to 50% of its maximum, the depth dose curve was shifted due to electron to the left by 2.26% (Table 3) when the stable element was added to the geometry. Negligible dose distribution curve changes were found for neutrons and gamma dose depositions in the simulation geometry. A remaining dose of 0.035 cGy is missing after the summation of the dose deposited by the most prominent particles, as listed in Table 2. This is expected since the proton interacts with matter through various paths [17]. Among these, the non-elastic nuclear reactions could lead to secondary projectiles like heavier ions that were not scored. The small dose difference could also be explained by Bremsstrahlung radiation, which was not considered in this study.
TABLE 3 | Dosimetric comparisons of BP width, R90, FWHM, and R50 metrics with and without the stable elements for case I P1 PG rays (A), case I P2 PG rays (B), case II P1 rays (C), and case III P2 rays (D).
[image: Table 3]The addition of 0.1% 17O reduced FWHM to 0.36 cm from the initial 0.42 cm (14.29% decrease). The numerical results for the addition of 0.1% 17O are given in Tables 2, 3, while the total dose deposition (Figure 3A), dose curves for neutrons (Figure 3B), gamma rays (Figure 3B), alpha particles (Figure 3C), and electrons (Figure 3C) are plotted. Similar results were found for case I P2 PG rays, for which the quantitative dosimetric comparisons are summarized in Tables 2, 3. The addition of 1% 19F and 1% 17O leads to similar results. Total dose reduced by 0.814% and 0.281%; BP width dropped by 19.75% and 25%, when 1% 19F and 1% 17O were added, respectively; R90 shifted toward a shallower depth by 2.16%; and FWHM dropped by 14.29% for both cases.
[image: Figure 3]FIGURE 3 | Dose distribution as a function of depth for 75 MeV proton irradiation: (A) Total dose distribution in water-filled geometry compared to the total dose distribution when 0.1% 17O was added to the mixture. (B) Dose distribution deposited by gamma rays (γ) in water-filled geometry compared to the dose distribution deposited by neutrons (n) when 0.1% 17O is added to the mixture. (C) Dose distribution deposited by electrons (e−) in water-filled geometry compared to the dose distribution deposited by alpha particles when 0.1% 17O was added to the mixture.
When the 100-MeV proton beam irradiated the water-filled geometry, the R90 and BP characteristics agreed with the PSTAR library. However, the proton range shifted toward the shallower depth by 0.26% when 1% of 19F was added to the mixture in comparison with the full water-filled geometry (Figure 4). The BP width decreased by ∼15%, and FWHM decreased by ∼3%, while the proton R90 shifted to 7.76 cm (with 1% 19F addition) from 7.78 cm (when H2O only). When 0.1% of 17O was injected into the hypothetical tumor area, the total dose of R90 shifted to 7.69 cm from the initial 7.78 cm, given that the proton R90 moved toward a shallower depth by 1.16% and R90 due to alpha particles by 1.38% (Figure 5). It was also found that the dose distribution due to electrons was unaffected by the addition of the stable element in the mixture composition. As shown in Table 2, the total dose deposited when 1% 19F was added was unchanged but decreased by 0.031% when 0.01% 17O was added compared with the fully water-filled geometry.
[image: Figure 4]FIGURE 4 | Dose distribution as a function of depth for 100 MeV proton irradiation: (A) Total dose distribution in water-filled geometry compared to the total dose distribution when 1% 19F is added to the mixture. (B) Dose distribution deposited by gamma rays (γ) in water-filled geometry compared to the dose distribution deposited by neutrons (n) when 1% 19F is added to the mixture. (C) Dose distribution deposited by electrons (e−) in water-filled geometry compared to the dose distribution deposited by alpha particles when 1% 19F is added to the mixture.
[image: Figure 5]FIGURE 5 | Dose distribution as a function of depth for 100 MeV proton irradiation: (A) Total dose distribution in water-filled geometry compared to the total dose distribution when 0.1% 17O was added to the mixture. (B) Dose distribution deposited by gamma rays (γ) in water-filled geometry compared to the dose distribution deposited by neutrons (n) when 0.1% 17O is added to the mixture. (C) Dose distribution deposited by electrons (e−) in water-filled geometry compared to the dose distribution deposited by alpha particles when 0.1% 17O is added to the mixture.
When the 200-MeV proton beam irradiated the water-filled simulation geometry, R90 agreed with the PSTAR library. However, R90 shifted dramatically to shallower depths by 5% when a 1 wt% of 127I was added, and by ∼15%, when 5 wt% of 127I was added in the hypothetical tumor volume. For both wt% 127I additions, FWHM decreased by 18.6%, and the BP width, by ∼22% and ∼30%, accordingly, as plotted in Figures 6, 7. The dramatic shift toward shallower depths can be explained by the change in the density of the mixture itself. Nevertheless, the total dose deposited was reduced by 3.2% for 1% 127I addition and by 14.5% for 5% 127I addition. It is worth pointing out that the dose change was more pronounced for the charged alpha particles or electrons than neutrons and gamma rays (Table 2).
[image: Figure 6]FIGURE 6 | Dose distribution as a function of depth for 200 MeV proton irradiation: (A) Total dose distribution in water-filled geometry compared to the total dose distribution when 1% 127I was added to the mixture. (B) Dose distribution deposited by gamma rays (γ) in water-filled geometry compared to the dose distribution deposited by neutrons (n) when 1% 127I was added to the mixture. (C) Dose distribution deposited by electrons (e−) in water-filled geometry compared to the dose distribution deposited by alpha particles when 1% 127I was added to the mixture.
[image: Figure 7]FIGURE 7 | Dose distribution as a function of depth for 200 MeV proton irradiation; (A) total dose distribution in water-filled geometry compared to the total dose distribution when 5% 127I was added to the mixture. (B) Dose distribution deposited by gamma rays (γ) in water-filled geometry compared to the dose distribution deposited by neutrons (n) when 5% 127I is added to the mixture. (C) Dose distribution deposited by electrons (e−) in water-filled geometry compared to the dose distribution deposited by alpha particles when 5% 127I was added to the mixture.
The PG decline exhibits a close trend with the BP decrease. The right graph shown in Figure 8 shows that the P1 PG rays follow an emission distribution like the proton Bragg curve, and the sharp decrease of PG distribution corresponds to the R50a proton range. This finding is in good agreement with experimental and simulation results from other research groups [5, 18]. The P2 PG rays (Figure 8 left graph) show an approximately constant emission in the BP build-up region, following a sharp decrease in their emission after R80b up to R50b. However, the P2 PG yield is lower than that of P1. It should be noticed that 106 histories were simulated rather than 107 for studying the longitudinal distribution because we only wanted to study if there is a change in PG–BP correlation, given the PG enhancement found in [13].
[image: Figure 8]FIGURE 8 | P1 and P2 PG production curves compared with the Bragg peak curve of a 75-MeV incident proton beam.
4 DISCUSSION
This dosimetric analysis shows that the minimum wt% addition in a hypothetical tumor area of the non-radioactive elements and for the incident proton energy combinations, previously proposed by [13] as P1 and/or P2 PG production enhancers, does not have a crucial effect on the total dose deposition. Nevertheless, the results are heavily dependent on incident proton energy and mixture composition. The BP width was reduced in all cases, and the BP R90 shifted toward a shallower depth due to the increased density of material transversed, as resulted with the addition of a stable element. One could expect that the BP beam width increases due to range straggling, but the addition of the stable elements counteracts this increase. In summary, the BP width decrease varied with proton energy and mixture composition by 6%–31%. Additionally, in all cases, FWHM decreased by 0%–18%. It seems that the addition of the non-radioactive element in the hypothetical tumor area plays a role of a “pre-absorber” that reduces the spot widening effect caused by multiple coulomb scattering and nuclear interactions. Indeed, a smaller FWHM is of interest since it leads to sharper penumbra and to a more tailored dose distribution. It was also noted that when the proton energy was increased to 200 MeV, the dose characteristics altered significantly, especially when 5% wt of 127I was added to the mixture. The dose curve shifted to the left by ∼2 and ∼4 cm for the addition of 1% and 5% 127I, respectively. This can be attributed to the high electron density of 127I (4.93 g/cm3) that causes a significant change in the density of the medium transversed, resulting in a range shift toward shallower depths but not an altered BP shape. Overall making the medium higher in density slows down and stops the beam faster. Therefore, 127I might not be a good candidate for PG enhancement.
Finally, it was found that the wt% addition of the stable elements tested does not affect the spatial PG production relative to BP. The P1 rays are still emitted at the R50a point, as reported in the literature, while the P2 rays present a clearer and sharper decrease after R80b. It is worth mentioning that our goal was to check the dosimetric effects of injecting the non-radioactive elements previously proposed that enhance the P1 and/or P2 statistics in the smallest possible % wt addition. Since the injection of stable elements in the simulation geometry changes the material’s density, the cross-section probabilities of proton with matter also change, so studying these changes from a dosimetric point of view is important. Proton interactions with matter are not straightforward, given the multiple coulomb scattering and complicated nuclear interactions. Additionally, disagreements [18] of nuclear cross-section findings among various MC models and existing experimental data pose a limitation to this study. Therefore, experimental verification of the dose results and comparisons with and without the addition of stable elements is necessary using homogenous and inhomogeneous phantoms.
Indeed, the next step would be to translate this research into real clinical settings. First, the idea to increase P1 and P2 production and, consequently, increase their PG detection by the addition of the non-radioactive elements should be experimentally verified. The selection of the detector system needed to detect efficiently, and with a high energy resolution, the P1 and P2 rays emitted are crucial. A high-purity germanium (HPGe) clover detector that consists of four coaxial N-type high-purity germanium crystals, each mounted in the same cryostat, has been successfully used by Polf. et al. [19] to measure the PG spectrum emitted after irradiation of their experimental setup with a 48-MeV proton beam and discriminate the P2 peak that was correlated with the tumor oxygen metabolic changes [11, 19]. The detection of the low-intensity PG rays using HPGe detectors is not straightforward due to the presence of Compton scattered gamma rays. At energies above a few hundred keV, Compton interaction is the main interaction in the HPGe crystal due to its low atomic number, and thus, the Compton scattered gamma rays contribute to a continuous gamma-ray background that consequently raises the detection limit for the low-energy gamma rays. Nevertheless, anti-Compton shields (ACS) could be used to suppress unwanted background radiation [10, 20]. Then, the experimental verification of the dose deposition for the proposed mixture and energy combinations is needed. Gafchromic EBT2 films could be used to determine the BP width and range of the incident proton beam, and dose measurements at various BP depths could be determined using optically stimulated luminescence dosimeters.
5 CONCLUSION
This study highlights the potential of the proposed technique for PG enhancement, given that the absorbed dose and BP shape do not drastically change with the insertion of the stable enhancers, except 127I, and that every percentage change is dependent on the mixture composition and incident proton energy. Furthermore, the spatial PG emission is not affected by the addition of the enhancer candidates. The proposed technique has been inspired by the PET imaging procedures, where a carrier, for instance, FDG, assists in accumulating the radioactive 18F only in the tumor volume. Therefore, apart from an experimental study that verifies the suggested PG enhancement, the technique must be tested for its reproducibility during the treatment. Moreover, inserting non-radioactive elements only in a tumor volume will change the elemental composition of the relevant voxels and, subsequently, the CT numbers. Thus, the dosimetric changes should be further evaluated in a treatment planning scenario that could be possible through MC simulations.
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