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Radiation therapy, one of the most effective methods for cancer treatment, is still limited by the tolerances of normal tissues surrounding the tumor. Innovative techniques like spatially fractionated radiation therapy (SFRT) have been shown to increase normal tissue dose resistance. Heavy ions also offer high-dose conformity and increased relative biological effectiveness (RBE) when compared to protons and X-rays. The alliance of heavy ions and spatial fractionation of the dose has the potential to further increase the therapeutic index for difficult-to-treat cases today. In particular, the use of β-delayed multiple-particle emitters might further improve treatment response, as it holds the potential to increase high linear energy transfer (LET) decay products in the valleys of SFRT (low-dose regions) at the end of the range. To verify this hypothesis, this study compares β-delayed multiple-particle emitters (8Li, 9C, 31Ar) with their respective stable isotopes (7Li, 12C, 40Ar) to determine possible benefits of β-delayed multiple-particle emitters minibeam radiation therapy (β-MBRT). Monte Carlo simulations were performed using the GATE toolkit to assess the dose distributions of each ion. RBE-weighted dose distributions were calculated and used for the aforementioned comparison. No significant differences were found among carbon isotopes. In contrast, 8Li and 31Ar exhibited improved RBE-weighted dose distributions with an approximately 12–20% increase in the Bragg-peak-to-entrance dose ratio (BEDR) for both peaks and valleys, which favors tissue sparing. Additionally, 8Li and 31Ar exhibited a lower peak-to-valley dose ratio (PVDR) in normal tissues and higher PVDR in the tumor than 7Li and 40Ar. Biological experiments are needed to conclude whether the differences observed make β-delayed multiple-particle emitters advantageous for MBRT.
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1 INTRODUCTION
The last decades have witnessed significant advances in tumor dose conformation in radiation therapy (RT) [1]. However, normal tissue tolerances continue to represent an important challenge, especially for the treatment of radioresistant tumors or pediatric cancer. New RT approaches, therefore, need to overcome the barrier of normal tissue tolerances. To this end, one possible strategy involves employing distinct dose delivery methods, such as spatially fractionated radiation therapy (SFRT). SFRT strategically delivers high radiation doses exclusively to specific tissue volumes by employing multiple narrow beamlets. The resulting dose distribution showcases a succession of areas of high dose (peaks) and areas of low dose (valleys) [2]. The scale and geometry of the irradiation patterns are a key distinction among the four main SFRT techniques. GRID therapy [3] utilizes pencil-shaped beamlets ranging from 1 to 2 cm2, LATTICE therapy (LRT) [4] focuses small beams to create hot spots (of 1–2 cm2) in the target, minibeam radiation therapy (MBRT) [5] uses planar beamlets with widths of 0.5–1 mm, and microbeam radiation therapy (MRT) [6] employs beamlets ranging from 50 to 100 µm. GRID and LRT impose restrictions on normal tissue dose tolerances and offer modest potential for safe dose escalation in very radioresistant tumors. MRT is confined to low energy X-rays [2]. MBRT represents the ideal compromise between the thick beams employed in GRID and LRT and the extreme conditions associated with MRT. MBRT can be implemented in small animal irradiators [7] and permits the use of higher beam energies compared to MRT while employing a beam sufficiently narrow to achieve a significant increase in normal tissue tolerances [5, 8–10]. A significant tumor control effectiveness has also been observed in glioma-bearing rats treated with MBRT [8, 11, 12]. Additionally, the immune system has recently been shown to play a crucial role in the anti-tumor response of MBRT [13].
Recent studies offer evidence that the high therapeutic index of MBRT could be further increased by combining MBRT with (heavy) charged particles [14–20]. Charged particles are characterized by superior relative biological effectiveness (RBE) and more targeted dose deposition in depth as compared with photons. Research into combining MBRT with charged particles started with proton minibeams [21, 22]. The biological experiments conducted with proton minibeams have shown remarkable normal tissue sparing, both for the skin [23, 24] and brain [24, 25], along with an even higher tumor control effectiveness than standard therapy [14, 26]. Previous studies have also explored the combination of helium [15] and heavy ions [16–20] with MBRT. Notably, there are indications that heavy ions, such as carbon, could enhance the immune response more effectively than photons or proton beams [27]. This finding suggests the possibility of synergistic effects between the immune response enhancement associated with heavy ions and the observed effective immune priming in MBRT [13].
A useful step in researching the combination of MBRT with heavy ions involves exploring possible advantages of radioactive ion beams (RIB), in particular β-delayed multiple-particle emitters in radiotherapy. The use of RIB for therapeutical application was proposed at the heavy ion medical accelerator in Chiba (HIMAC) [28]. Studies conducted at HIMAC with 9C showed advantages in terms of the distributions of biologically effective dose and cell survival along the beam penetration as compared with stable 12C [29–31]. In the case of MBRT, the nuclear fragments resulting from the β-delayed multiple-particle breakup reaching the valleys regions might be biologically very relevant [17, 18, 20], particularly for tumor control [32].
β-delayed multiple-particle emission has been studied for a long time and more than 400 β-delayed particle precursors have been identified [33]. The parent nucleus (precursor) decays via β emission to excited levels of the emitter nucleus. The emitter will, almost immediately, emit particles (protons, alpha particles, etc.) to reach a stable state. The half-life of the β decay is much longer than that of the nuclear excitation, so the half-life of the process is given by the β decay. The energy and intensity of the emitted particle are directly related to the position of the nuclear state in the daughter nucleus and to the intensity of the feeding of the β decay. However, energy and momentum conservation do not entirely determine the emission mechanism of three or more particles, such as in 9C. The emission can proceed sequentially (via resonances in the binary subsystems), directly to the continuum (democratic decay), or via both mechanisms. The resulting particles, mostly protons and alpha particles, are emitted with energies ranging from hundreds of keV to tens of MeV. For example, the protons emitted after the β decay of 9C have energies ranging from 0.17 MeV up to 12 MeV which correspond to a range in water of 0.002–2 mm. Assuming that every primary ion will decay only at the end of the range, the resulting lighter nuclear products will be produced at the target region.
The products of the β-delayed multiple-particle emission may significantly affect the dose distribution in MBRT and selectively increase the valley doses. In heavy ion therapy with stable beams, primary ion fragmentation typically results in one heavy and one lighter fragment, predominantly forward-directed. On the contrary, in the case of multiple-particle breakup at the end of the range, the resulting fragments are (much) lighter than the primary ion and will be scattered in a more isotropic way. Hence, high-linear energy transfer (LET) particles may reach the valley regions while remaining mostly confined to the target volume due to their short ranges (∼mm). This could boost the local biological effect and might further improve treatment outcomes.
In this work, we therefore perform a preliminary dosimetric exploration of β-delayed multiple-particle emitters minibeam radiation therapy (β-MBRT). Considering the strong correlation between valley dose, normal tissue sparing, and life span in MBRT [32], our investigation focuses on understanding how β-MBRT influences the composition of the valley dose in terms of secondary particles. The primary goal is to conduct a comparative analysis between radioactive ions and their stable isotopes to determine whether a potential advantage of β-MBRT might be expected.
To the best of our knowledge, this is the first in-depth dosimetric evaluation of the combination of β-delayed multiple-particle emitters and MBRT.
2 MATERIALS AND METHODS
Monte Carlo simulations were performed to assess dose and LET distributions for three different ion types: lithium, carbon, and argon.
2.1 Ions
The studied ion species have been chosen based on two criteria. Firstly, production feasibility was considered. As discussed in previous studies [34–36], RIB used for therapy are produced through fragmentation of the stable primary beam in thin targets and subsequent magnetic separation of the produced fragments. The secondary particles are immediately directed with relativistic energies to the target, where they subsequently undergo decay. Secondly, favorable dosimetric and decay characteristics for treating deep-seated tumors were sought. A key requirement was that the heavy ion had a radioactive isotope whose decay leads to β-delayed multiple-particle emission with a half-life sufficiently long to prevent in-flight decay (>ms).
Lithium MBRT was initially proposed by Dilmanian et al. [37] who suggested that its ability to spare normal tissue at shallow depths, coupled with the potential for dose homogenization in the target, could enhance the treatment of deep-seated tumors and facilitate hypofractionated radiation therapy. 7Li and its radioactive isotope 8Li were chosen for our investigation. The β− decay of 8Li generates high-energy electrons and 8Be, which immediately (t1/2 = 8.19 × 10−17s) breaks up into two alpha particles.
12C stands as the most widely employed and extensively studied heavy ion for radiotherapy [38]. Carbon MBRT was explored in a first biological experiment [16] where a rabbit brain was irradiated with several arrays of 300-µm-wide carbon beams interlacing at the target, showing a reduced impact on the non-targeted tissues. Theoretical and experimental dosimetric evaluations of carbon MBRT have been conducted by Gonzalez et al. [20] and Martinez-Rovira et al. [19], respectively, showing favorable dose distributions. The chosen radioactive ion for our evaluation was 9C, a drip-line nucleus. 9C was extensively used in the biological studies conducted at HIMAC to assess possible advantages of radioactive heavy-ion therapy [29, 30]. 9C decays via three different branches: via β+ in 9B (branching ratio = 0.6), via β+, p in 8Be (branching ratio = 0.23) and via β+, α in 5Li (branching ratio = 0.17). The produced ions are not stable: 9B breaks up into one proton and two alpha particles, 8Be breaks up into two alpha particles and 5Li breaks up into one proton and one alpha particle. The emitted alpha particles, having a range in water r ∈ [0.01–0.08] mm, are confined to the peak regions. The emitted protons, having a mm range in water, might contribute to a higher RBE in the valley regions.
Argon was used in pioneering radiobiological evaluations in the late 70 s [39] which indicated that resistant cells of hypoxic tumors could be effectively destroyed with very heavy ion beams (neon, silicon, argon, etc.). However, clinical results with a few patients performed with argon in 1979 and with silicon in 1982 led to adverse late tissue results, causing treatments with these beams to be discontinued [39]. Argon MBRT, relying on the normal tissue-sparing effect of the spatial fraction of the dose, could lead to a renewed use of argon in radiotherapy [40]. Characterized by a high LET and an oxygen enhancement ratio of ∼ 1, argon could provide new hope for aggressive hypoxic tumors, which currently have very few treatment options. Theoretical dosimetric characterizations of argon MBRT were performed by Peucelle et al. [17] and by Gonzalez et al. [20] showing advantageous dose distributions favoring normal tissue preservation. The radioactive ion chosen for our evaluation was 31Ar, a drip-line nucleus. 31Ar decays via four different branches: via β+ in 31Cl (branching ratio = 0.22), via β+, p in 30S (branching ratio = 0.68), via β+, 2p in 29P (branching ratio = 0.09) and via β+, 3p in 28Si (branching ratio = 0.0007). For the first three mentioned decay branches, the produced heavy ions are not stable and will continue to emit positrons (isobaric chain) until they reach a stable state. The final products of the isobaric chain, stable isotopes of silicon and phosphorus, will mainly be confined to the peak regions due to their short ranges (<µm). However, the β-delayed emitted protons, having a mm range in water, might contribute to a higher RBE in the valley regions.
The decay modes, products, and emission energies of the described isotopes are summarised in Table 1. The decay schemes are shown in Supplementary Table S1.
TABLE 1 | Decay table, energy of the emitted fragments and half-lives for 8Li,9C and 31Ar. When in a discrete form, the reported proton/alpha energies are relative to the highest peaks populating the emission spectra. From IAEA-Nuclides Chart [41,42].
[image: Table 1]2.2 Simulation details and scored quantities
The simulations presented in this work were performed with version 9.0 of the GATE toolkit. GATE is an open-source Monte Carlo (MC) simulation platform based on GEANT4 enabling the modeling of emission and transmission tomography, and radiotherapy [43]. The physics lists recommended for hadrontherapy were used [44], specifically the QGSP_BERT_HP_EMY list for hadronic processes and standard option 3 for electromagnetic processes. GATE provides a TPS Pencil Beam source designed to simulate treatment plans for active beam scanning delivery techniques. The TPS source was used specifying one field. The field, defined by a gantry angle, consisted of a collection of magnetically collimated pencil minibeams having the same energies, directions, and weights. The total number of primary particles simulated was 108, leading to a global uncertainty of less than 1%. The mono-energetic beams impinged on a cylindrical water phantom whose size (height and diameter of 16 cm) mimics the human head. Similar phantom dimensions have been used in previous dosimetric studies [17, 18, 20]. A virtual tumor (2 cm × 2 cm × 2 cm) placed at 7 cm depth constituted the target region. A range cut value of 50 µm was used for all particles in the water phantom.
Six different ions were simulated: 7Li, 8Li, 9C, 12C, 31Ar, 40Ar. The energies of the primary beams, summarized in Table 2, were chosen to have a range in water of ∼ 7 cm. Energy spreads of 0.1% MeV of the total energy were simulated in all cases. Two different irradiation geometries were considered: a one-dimensional array of elongated, rectangular minibeams (referred to as MBRT hereafter) and a two-dimensional grid arrangement of square minibeams (hereafter GRT). The two geometries are illustrated in Figure 1. The sources were located at the water phantom entrance. A Gaussian angular distribution with a realistic standard deviation of 3 mrad was considered for the divergence of the minibeams. The lateral beam dimensions were 1 mm × 1 cm for MBRT and 1 mm × 1 mm for GRT.
TABLE 2 | Summary of the main details of the MC simulations, in accordance with the recommendation of AAPM TG-268 [45].
[image: Table 2][image: Figure 1]FIGURE 1 | Schematic illustration representing the geometrical parameters in MBRT (left) and in GRT (right). Abbreviations correspond to center-to-center distance (ctc) and beam width (bw). Adapted from Gonzalez et al. [18].
Two different values were evaluated for the center-to-center (ctc) distance between adjacent minibeams (see Figure 1), based on the following rationale. A ctc of 3.5 mm was used in previous experimental studies of charged particle MBRT [17, 21, 46] and has been shown to minimize the contribution of heavy nuclear fragments to the valleys in the first centimeters [17, 18, 20], favoring normal tissue sparing. Additionally, a significant gain in brain sparing has been observed in proton MBRT with a ctc of 3.5 mm [46]. A second ctc value of 1.8 mm was simulated to investigate LET homogeneity in the target, primarily influenced by the presence of high LET secondaries in the valley region. Homogeneous LET distribution implies that radiobiological LET-dependent effects are comparable in both peak and valley regions.
Dose and dose-averaged LET were scored in the water phantom. While the LET of a pure beam of ions with a fixed energy is well-defined, the LET of a mixed radiation field has to be averaged over the different ions contributing. This is often done using the so-called dose-averaged LET, where the LET of each particle is weighted according to its dose contribution [47, 48]. Additionally, to evaluate the number, type and energy of secondary particles in the peaks and valleys, three phase space files were recorded at 30 mm (normal tissue position), 70 mm (pristine Bragg peak), and 90 mm (fragmentation tail) depth in the water phantom. LET profiles and recorded phase space files are presented in Supplementary Material. Further details concerning the characteristics of the MC simulations are provided in Table 2 in accordance with the recommendation from AAPM TG268 [45] which attempts to standardize the reporting of MC simulations.
The simulated 3D dose distribution was integrated over a rectangular region of interest (ROI) corresponding to the peak and valley regions, resulting in the peak and valley depth dose profiles. The peak-to-valley dose ratio (PVDR) was assessed as a function of depth for each ion and irradiation configuration. Dose-averaged LET was evaluated in both the peak and valley regions as a function of depth and used to determine RBE values. RBE values were used to compute the RBE-weighted dose distributions. The RBE model proposed by Parisi et al. [49] was chosen because it has the advantage of directly correlating RBE with dose-weighted LET, while other models typically correlate RBE with mean lineal energy.
3 RESULTS
This section compares stable ion species (7Li, 12C,40Ar) and their radioactive counterparts (8Li,9C, 31Ar). Two irradiation schemes and ctc values were evaluated for each ion species. Firstly, an overview of the dose profiles for the different configurations is provided. Subsequently, a detailed analysis of the contribution of selected secondary products is presented. Lastly, the RBE-weighted dose is discussed, offering insights into the radiobiological impact of the administered doses.
3.1 Depth dose profiles
Figure 2 shows the evolution of the central peak and central valley percentage depth dose (PDD) curves for all the simulated ion species and irradiation configurations. Each curve is normalized by the peak dose value at the BP position, providing a standardized basis for comparison. The valley doses increase as a function of depth until the proximal edge of the BP. This phenomenon can be ascribed to the secondary particle production, the scattering of primaries, and the source divergence (3 mrad). Gonzalez et al. [18] measured a 10% full width at half maximum (FWHM) increase at the BP due to beam divergence for a carbon beam in water. In addition, the larger the ctc, the lower the valley dose since a lower proportion of secondary species will have an energy and an angular aperture large enough to reach the center of the valley region.
[image: Figure 2]FIGURE 2 | Depth dose curves resulting from the irradiation with mono-energetic beams of three ion species (rows). The red curves correspond to stable ions, while the blue curves correspond to unstable ones. Two irradiation schemes are considered: GRT (left column) and MBRT (right column). Two values of ctc distance are considered for each irradiation schemes: 1.8 mm (dashed line) and 3.5 mm (solid line). The first column corresponds to the GRT setup, while the second one corresponds to the MBRT setup. The region between the two vertical dotted lines corresponds to the target region.
The secondaries present in the valleys are produced by two main processes: electromagnetic interaction and nuclear interactions. As the primary beam traverses the medium, an increasing amount of energy is deposited through collisions with atomic electrons, with some δ-rays able to travel into the valleys. On the other hand, nuclear fragments resulting from nucleus-nucleus collisions become more significant with increasing penetration depth. These fragments are primarily forward-directed but exhibit a broader spread than the lateral distribution of the primary ions due to multiple Coulomb scattering. In the case of β-delayed multiple-particle emitters, radioactive decay is an additional source of secondaries. The emitted light fragments, mainly protons, have high enough energies to reach the valleys and, being high LET particles, might contribute to increasing the RBE in the valley regions.
The irradiation geometry (GRT or MBRT) significantly influences the shape of the depth dose curve. MBRT exhibits a more favorable Bragg-peak-to-entrance dose ratio (BEDR) in the peaks. This can be explained by the ratio of particles scattering away from and into the peak region: the elongated beamlets of the MBRT geometry can provide more particles scattering into the peak region than the smaller square beams of the GRT geometry [17, 50]. The BEDR ranges from 60% to 90% in GRT and from 50% to 60% in MBRT. When all other parameters (ctc, widths, etc.) are constant, the BEDR increases with increasing atomic number.
Regarding lithium isotopes, 8Li provides a more favorable BEDR then 7Li when the GRT setup with a ctc of 3.5 mm is employed. For carbon, the BEDR in the valley regions of 9C is better than that of 12C when GRT setup with ctc of 1.8 mm is employed. For argon, no significant differences are observed in the depth dose profiles for both peaks and valleys independently from the ctc distance and the lateral beam dimensions.
3.1.1 Lateral dose profiles
Figure 3 illustrates the PVDR for the simulated ions and irradiation configurations. PVDR values increase with ctc distance, inversely to the valley dose behavior (see Figure 2). The differences in PVDR between RIB and stable ions depend on the ctc employed.
[image: Figure 3]FIGURE 3 | PVDR evolution in depth for different ion species (columns) and irradiation configurations (rows). The red curves correspond to stable ions, while the blue curves correspond to unstable ones. The upper row corresponds to the GRT setup and the lower one to the MBRT setup. Two values of ctc distance are shown for each ion: 1.8 mm (dashed line) and 3.5 mm (solid line). The region between the two vertical dotted lines corresponds to the target region.
In the case of lithium isotopes, and when a ctc of 1.8 mm is used, the PVDR of the radioactive ion is 10% lower than that of the stable ion. In contrast, for a ctc of 3.5 mm, the PVDRs for both isotopes are equivalent in the normal tissues, while 8Li presents a 10% higher PVDR in the target.
For carbon and a ctc of 1.8 mm, the stable ion beam exhibits a 10% higher PVDR in the target for both GRT and MBRT. On the contrary, for ctc = 3.5 mm the PVDR relative to the stable ion is 20% lower than the radioactive ion in the normal tissue and 50% lower in the target.
The PVDR values are equal for the two argon isotopes evaluated when the GRT setup with a ctc of 3.5 mm is employed. On the contrary, when the MBRT setup is used, the radioactive isotopes present a 10% lower PVDR at shallow depths and a 50% higher PVDR in the target. The argon PVDR curves present a kink at the phantom entrance. This behavior may be explained by the dose deposited in the valley regions by secondary electrons (δ-rays) as reflected in the respective secondary depth-dose curves (see Figure 4; Figure 5). The electron valley depth dose profile is characterized by a build-up region (visible in Figure 5, third row, third column): δ-rays liberated at the surface travel up to several millimeters into the irradiated object before stopping.
[image: Figure 4]FIGURE 4 | Relative depth dose profiles for the studied ion species (rows) and the chosen isotopes (columns). GRT irradiation setup with ctc = 3.5 mm. Contribution of primaries (light blue), alpha particles (pink), electrons (purple), protons (orange) and positrons (green) to total dose in the peak (top row) and valley (bottom row) regions. Each curve is normalized to the total dose deposited in the peak region at the BP position.
[image: Figure 5]FIGURE 5 | Percentage depth dose profiles of primary particles, electrons, protons, positrons, and alpha particles (columns) for the studied ion species (rows). GRT irradiation setup with ctc = 3.5 mm. Peak depth dose profile (top) and valley depth dose profile (bottom) are presented for each ion species. Each curve is normalized to the total dose. The region between the two vertical dotted lines corresponds to the target region.
It should be noted that the kink can also be appreciated by looking at the carbon PVDR curves, although less pronounced. As the velocity of the δ-rays increases with the Z of the primary ions, the build-up related kink is shifted to greater depths [17]. Then, the reduction of the primary beam velocity leads to a subsequent decrease of the δ-rays energy, which explains the fall-off of valley dose in the first centimeters [17].
3.1.2 Secondary particle analysis
This analysis will focus on the configuration with ctc = 3.5 mm, as it has been shown to minimize the contribution of heavy nuclear products coming from the primary ion fragmentation to the valleys [17]. This might facilitate the observation of the contribution of the lighter nuclear products coming from the β-delayed multiple-particle emission. Only GRT results are presented since no significant differences were found with MBRT.
Figure 4 compares the normalized depth dose distributions (normalized to the BP dose) of both primaries and (selected) secondary particles for the several primary ions considered. Figure 5 shows the same data but presents it as the relative contributions of the individual particle categories to the total dose. Primary particles account for more than 70% of the dose in the peak regions for argon and more than 85% for lithium and carbon across the entire phantom depth. The primary dose contribution in the valley decreases as the ion becomes heavier, in agreement with previous studies [17].
The analysis of secondary particles focuses on alpha particles, electrons, protons, and positrons, as examining their spatial and energy distribution can reveal potential differences between stable ion beams and RIB.
Electrons: The peak depth dose profiles (see the purple profiles in Figure 4) present a rapid fall-off after the BP for all simulated ions expect 8Li. This is in agreement with the findings of Peucelle et al. [17]. The rapid fall-off is explained by the complete stop of the primary beam at the BP, resulting in a reduction of secondary electron (δ-rays) emissions. In the case of 8Li, the β− decay mitigates the rapid fall-off, and the electron peak depth dose profile exhibits a local maximum at the BP position (see the purple profile in Figure 4). The electron spectrum recorded at the BP for 8Li ranges from 0 to 13 MeV (refer to Supplementary Figure S3) and coincides with the β− decay spectrum of 8Li [41]. Additionally, for 7Li, the electron spectrum shows a significant component only at energies smaller than 1 MeV, consistent with the energy of the δ-rays. Thus, we can infer that (part of) the recorded electrons originate from the radioactive decay of 8Li. The electrons resulting from the β− decay at the BP ([image: image]13 MeV) have a range large enough to reach the valley and can therefore account for the difference between the valley depth dose profiles of the two isotopes, as illustrated in Figure 4. Specifically, the electron valley depth dose profile relative to 8Li exhibits a peak at the BP position, which is not present for the stable ion. Looking at Figure 5, electrons deposit 8% of the total valley dose at BP for 8Li and less than 1% for 7Li.
No significant differences are found in the dose deposited by electrons between the two carbon isotopes. As for argon, the electron dose for 40Ar is 50% higher than that of 31Ar for both peak and valley regions starting from the phantom entrance until the BP. This contribution can be attributed to δ-rays produced in the peaks with an energy high enough to reach the valley.
Positrons: The contribution of positrons plays a different role in the total deposited dose in the valleys and the peaks as a function of the primary ion. The contribution of positrons to the peak and valley doses is negligible for both lithium and argon. As for carbon, the contribution of positrons to the total dose (see green profiles in Figure 5) is very similar between the two isotopes from the entrance to the proximal edge of the BP. At the BP, the dose deposited by positrons for the radioactive ion is 60 times higher in the peaks and 30 times higher in the valleys than in the case of the stable isotope. The positron spectrum recorded at the BP position for 9C ranges from 0 to 14 MeV (refer to Supplementary Figure S4) and coincides with the β+ decay spectrum of 9C [41]. On the contrary, for 12C, the positron spectrum shows a significant component only at energies smaller than 1 MeV. Thus, we can infer that (part of) the recorded positrons originate from the radioactive decay of 9C.
Protons: The contribution of protons plays a different role in the total deposited dose in the valleys and the peaks as a function of the considered primary ion. No significant differences were found between lithium isotopes. The dose deposited by protons in the valley region goes from 75% of the total dose at the phantom entrance down to 5% at the BP. Also for carbon, the contribution of protons dominates the valley dose at shallow depths, ranging from 75% at the phantom entrance to 10–5% at the BP. Additionally, starting from the BP position, the proton valley dose resulting from the radioactive isotope is twice that of the stable one. This also holds for the peak dose. As for argon, protons deposit a significant amount of the total valley dose at shallow depths, ranging from 10% at the phantom entrance to 50% at 20 mm depth. No significant differences between radioactive argon and stable argon can be appreciated in terms of the contribution of protons in the valleys.
Alpha particles: The contribution of alpha particles is significantly different between 12C and 9C. The alpha contribution to the total peak dose is negligible between 0 and 8 cm for both radioactive and stable ions (see Figure 5). However, after the target region, the dose deposited by alpha particles reaches 55% of the total dose for 12C and is three times higher when compared to 9C. As for the valley depth dose, the alpha contribution for 12C is twice that of 9C across the whole range and in particular at the BP position. This suggests that the β-delayed alpha particles (E = 0.4 MeV, 5.8 MeV, etc.), emitted once the beam reaches the BP, deposit a negligible dose in comparison to the dose deposited by alpha particles resulting from projectile and target fragmentation. For 12C, the dose deposited by alpha particles becomes the primary contribution to the total valley dose from 7 cm depth onward, constituting about 20% of the total dose at the BP and increasing to 60% in the fragmentation tail. However, this pattern differs for the radioactive isotope, where the valley dose at BP is dominated by the contribution of primary particles and protons.
3.2 RBE-weighted dose and PVDR
The analysis performed thus far takes into account only the absolute physical dose. To get a better idea of the actual biological effect, one can consider the RBE-weighted dose. For this purpose, dose-averaged LET distributions were simulated and used to approximate the RBE (see Supplementary Figure S1). Utilizing the RBE model detailed in [49], the RBE values corresponding to the simulated beams can be extrapolated and used to calculate biological doses (obtained by multiplying dose × RBE). Figure 6 illustrates the RBE-weighted depth dose profiles and the RBE-weighted PVDRs for the studied ions at two different ctc distances in the case of the GRT irradiation setup.
[image: Figure 6]FIGURE 6 | RBE-weighted dose evolution in depth for the GRT irradiation setups across the studied ion species (rows) and ctc distances, 1.8 mm (dashed line) and 3.5 mm (solid line). The red curves correspond to stable ions, while the blue curves correspond to unstable ones. The first column corresponds to the peak depth RBE-weighted dose profile, the second column to the valley depth RBE-weighted dose profile, and the third column to the RBE-weighted PVDR. The region between the two vertical dotted lines corresponds to the target region.
The RBE-weighted valley dose profiles are significantly lower when a ctc of 3.5 mm is employed for all the studied ions. This effect, already noticeable when comparing physical doses (see Figure 2), is enhanced when considering RBE-weighted values. A ctc of 3.5 mm corresponds, in fact, to lower RBE values in the valleys, mainly due to the substantially lower LET values. Specifically, LET values in the valleys relative to a ctc of 3.5 mm are a factor of 2 smaller than those relative to a ctc of 1.8 mm (refer to Supplementary Figure S1).
The top row of Figure 6 presents the RBE-weighted dose profiles for lithium. An enhanced BEDR is obtained when considering RBE-weighted doses as compared to physical doses. Comparing the two ions for ctc = 3.5 mm, 8Li shows a more favorable Bragg-peak-to-entrance RBE-weighted dose ratio than its stable counterpart. The RBE-weighted PVDR exhibits an inflection point coinciding with the rising edge of the BP for both isotopes. At the BP, the RBE-weighted PVDR of 8Li is 25% higher than that of 7Li. While a higher PVDR in normal tissue can enhance tissue sparing, a lower PVDR (and therefore more homogeneous dose distribution) in the target is generally preferable. However, MBRT preclinical in-vivo experiments suggest that good tumor control can be obtained even with distinctly heterogeneous target doses [14, 51].
The middle row of Figure 6 presents the profiles for carbon ions. An enhanced BEDR is obtained when considering RBE-weighted doses as compared to physical doses across both ctc distances and for both carbon isotopes. No differences are found among the two isotopes when comparing the BEDR obtained using RBE-weighted doses. The RBE-weighted PVDR relative to 9C is higher than that of 12C across the entire range, reaching values up to three times higher in the target region. Additionally, the RBE-weighted PVDR of 12C is not monotonic in the target region and exhibits an increase at the BP position. This effect is much less pronounced for 9C whose RBE-weighted PVDR presents an almost steady decline with depth. Therefore, the advantages of 9C linked to a favorable trend and a favorable PVDR in the normal tissues might be counterbalanced by a less favorable PVDR in the target.
The bottom row of Figure 6 presents the profiles for argon ions. The RBE-weighted dose profile of 31Ar exhibits a lower entrance dose value than that of 40Ar when a ctc of 3.5 mm is employed in both the peak and valley regions. Additionally, 31Ar exhibits a higher RBE-weighted dose value at the BP in the peak region, independently of the ctc. This results in an improved BEDR for both the peak and valley regions. In particular, in the peak region, the BEDR relative to 31Ar is 20% higher than that of 40Ar for both ctc distances. However, the unstable ion exhibits a less favorable PVDR in the target region, being 50% higher than the stable isotope in the case of ctc = 3.5 mm and 20% higher in the case of ctc = 1.8 mm.
4 DISCUSSION
Spatially fractionated radiation therapy is an innovative therapeutic approach that has shown great promise to widen the therapeutic window for radioresistant tumors [2, 52]. The alliance of SFRT with the benefits of heavy ion therapy can further increase the therapeutic index, as suggested by previous works [17–20]. Our study aimed to investigate whether the alliance between SFRT and heavy ions could be further exploited when using RIB (in particular β-delayed multiple-particle emitters), capitalizing on the radiobiological effects obtained in the valley regions through radioactive decay.
RIB, such as 9C, have already been used for therapy in the past [28] eliciting a lot of interest because of the β-delayed decay of low-energy (densely ionizing) particles. The potential increase in RBE attributed to the decay products is not yet clear [31, 35]. Given the distinct dose distributions in MBRT, it was crucial to investigate whether the use of RIB could lead to a potential increase in RBE in the valley regions which play a significant role in both normal tissue sparing and tumor response [32].
Concerning physical doses, no major differences were observed between stable and unstable isotopes either in the peak or in the valley regions. The contribution of primaries and selected secondary particles to the total physical dose was investigated for the GRT setup and a ctc distance of 3.5 mm. A comparative analysis of the secondary particle contributions between stable and radioactive isotopes aimed to assess the impact of β-delayed products on the total valley physical dose. In the case of lithium, protons are the principal contributors to the total valley physical dose at shallow depths while primaries and alpha particles are the principal contributors at the BP. The equal contribution of alpha particles for stable and radioactive lithium suggests that the dose deposited at the BP by β-delayed emitted alpha particles is negligible when compared to the dose deposited by alpha particles resulting from projectile and target fragmentation. Similarly, for carbon, protons are the principal contributors to the total valley physical dose at shallow depths in agreement with the results of Gonzalez et al. [18]. The valley physical dose at the BP position is dominated by alpha particles for the stable ion and by primaries for the unstable one. In particular, the contribution of alpha particles to the total valley physical dose is 50% lower for 9C compared to 12C. This suggests that the dose deposited by β-delayed emitted alpha particles at the BP is negligible when compared to the dose deposited by alpha particles resulting from projectile and target fragmentation. For argon, the contribution of δ-rays dominates the total valley physical dose at the phantom entrance, in agreement with the findings of Peucelle et al. [17]. Differently from lithium and carbon, primaries do not significantly contribute to the total valley physical dose at the BP for the two argon isotopes. Furthermore, the cumulative contribution of all selected secondaries (protons, positrons, electrons, alpha particles) constitutes only 20% of the total valley physical dose at the BP indicating that heavier nuclear fragments play a dominant role in the valleys. The contribution of protons to the total valley physical dose is equal for the two argon isotopes across the entire range. This suggests that the dose deposited by β-delayed protons at the BP is negligible compared to that deposited by protons resulting from projectile and target fragmentation.
To go further we employed LET-average dose values to estimate the RBE according to the model proposed by Parisi et al. [49]. Concerning RBE-weighted dose curves for lithium and argon isotopes, RIB leads to an increased BEDR in the peak regions (12% for 8Li and 20% for 31Ar) when compared to their stable counterparts and for the two ctc distances evaluated. Additionally, in the case of argon, a 10% increase in BEDR is also evident in the valley region. Higher BEDR is associated with better normal tissue sparing. As for carbon MBRT, no differences were observed among the two isotopes concerning the BEDR of the RBE-weighted doses.
All the studied radioactive isotopes exhibit an increased RBE-weighted PVDR in the tumor compared to their stable counterparts for the two ctc distances evaluated. In particular, the RBE-weighted PVDR of radioactive lithium, carbon and argon is 25%, 100% and 50% higher than the stable counterpart when a ctc of 3.5 mm is employed. Although MBRT experiments showed that good treatment outcomes can be achieved even with considerable dose heterogeneity in the tumor [14], excessively high PVDR might be unfavorable for tumor control. For carbon, the radioactive ion also shows a 100% increase in RBE-weighted PVDR in the normal tissue which could favor normal tissue sparing. Which of the two factors is predominant is yet to be established by biological experiments.
It is crucial to note that the RBE model used to weight the simulated dose distributions refers to broad beam irradiation conditions and has been benchmarked on in-vitro data [49]. Additionally, the model only describes stable isotopes. For the purpose of this study and due to the lack of more specific data, we used the same RBE-vs-LET curves for both the stable and radioactive isotopes. These assumptions constitute a limitation of this study. The radiobiological characteristics of MBRT differ significantly from those of standard charged ion therapy (broad beam irradiation). The biological response to MBRT may involve non-targeted effects, abscopal effects, and immune responses [53]. Biological experiments are therefore needed to establish the validity of RBE in the context of MBRT.
Even if no advantages were to be found in terms of biologically effective doses, RIB remains the ideal bullet for image-guided particle therapy, offering advantages for both β+ imaging [54] and optical imaging [55]. The use of RIB for in-beam range verification was proposed more than 40 years ago at Lawrence Berkeley Laboratory [56] to tackle the range uncertainty problem. RIB featuring β+ decay can increase the signal intensity in online PET improving the count rate by an order of magnitude, they can reduce the shift between measured activity and dose, and mitigate the washout blur of the image with short-lived isotopes and in-beam acquisition [57]. In the context of MBRT, those capabilities could be exploited to visualize the minibeam paths.
Concerning the feasibility of preclinical experiments, it should be highlighted that over the last years, the Yamaya laboratory conducted several preclinical studies [58, 59] at the HIMAC facility to investigate the washout of RIB in animal targets using an online PET. Preclinical studies are also currently ongoing at GSI to demonstrate the potential of RIB therapy in animal models [36]. Moreover, research is ongoing to address RIB production limitations, such as low beam intensity. NIRS [60] and CERN [61] are studying RIB sources compatible with medical synchrotrons with the aim of facilitating RIB translation into clinics.
5 CONCLUSION
This work constitutes the first in-depth evaluation of the dosimetric characteristics of β-MBRT with a focus on lithium, carbon, and argon.
Radioactive ions exhibit a more favorable RBE-weighted dose profile than their stable counterparts characterized by an equal (carbon) or superior (lithium and argon) BEDR across all the simulated irradiation configurations. Moreover, they exhibit either equal (lithium and argon) or higher (carbon) RBE-weighted PVDR at shallow depths and a higher RBE-weighted PVDR in the target. While higher BEDR and RBE-weighted PVDR at shallow depths are known to favor normal tissue sparing [9], it needs to be experimentally investigated how the higher PVDR could influence tumor control. The insights provided by this study could guide the design of future biological experiments.
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All simulations were performed using GATE version 9.0 released on the 13th of April 2021 and based on GEANT
version 10.6

Computational resources

All computing jobs were sent to the Joliot Curie-SKL supercomputer, which uses 2 x 24-core Intel Skylake@2.7 GHz
(AVX512) CPUs, with 1,656 computing nodes in total, and 48 cores per node
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Each source was simulated as a TPS pencil beam source. The field consisted of a collection of three (MBRT) or nine
(GRT) magnetically collimated minibeams. An angular spread of 3 mrad and Gaussian shape were considered for
each minibeam

Source characteristics

ctc distance GRT size MBRT size
1.8 mm 1 mm x 1 mm 1 mm x 10 mm
35 mm 1mm x 1 mm 1 mm x 10 mm

Energies [MeV/u]

115
107
220
190
405
345

Cross sections.

Standard Geant4 cross section data files were used from the physics processes contained in the list builders
emstandard_opt3 and QGSP_BERT_HP_EMY. A range cut value of 50 um was used for all particles in the water phantom

Scored quantities

Doses were scored using the Dose Actor. Dose-averaged LET was scored using the LET Actor. Filters on particle ID
and on particle type were used to score dose and dose-averaged LET relative to primary particles composing the beam
and some amongst secondaries

Dose and LET accumulation voxels

GRT size MBRT size

0.06 mm x 0.06 mm x 1 mm 0.06 mm x 2 mm x 1 mm

Post-processing

Post-processing of the raw data was performed using Python scripts to generate the relevant figures
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