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Proton minibeam radiation therapy (pMBRT) is a novel therapeutic strategy that combines the normal tissue sparing of submillimetric, spatially fractionated beams with the improved dose deposition of protons. In contrast to conventional approaches which work with comparatively large beam diameters (5 mm to several centimetres) producing laterally homogeneous fields, pMBRT uses submillimetric minibeams to create a distinct spatial modulation of the dose featuring alternating regions of high dose (peaks) and low dose (valleys). This spatial fractionation can increase the tolerance of normal tissue and may allow a safe dose escalation in the tumour. Important quantities in this context are the valley dose as well as the peak-to-valley dose ratio (PVDR). Creating submillimetric proton beams for clinical applications is a challenging task that until now has been realized with mechanical collimators (metal blocks with thin slits or holes). However, this method is inherently inefficient, inflexible and creates undesirable secondary neutrons. We therefore recently proposed a method for obtaining clinical minibeams using only magnetic focusing. In this study, we performed Monte Carlo simulations in order to compare minibeams generated using the new method of magnetic focusing with two techniques involving mechanical collimators (collimator and broad beam irradiation, collimator and pencil beam scanning). The dose deposition in water was simulated and dosimetric aspects [beam broadening, depth-dose profiles, PVDR and Bragg-peak-to-entrance dose ratio (BEDR)] as well as irradiation efficiencies were evaluated. Apart from protons, we also considered helium ions which, due to their reduced lateral scattering and sharper Bragg peak, may present a promising alternative for minibeam radiation therapy. Magnetically focused minibeams exhibited a 20–60 times higher PVDR than mechanically collimated minibeams and yielded an increase in irradiation efficiency of up to two orders of magnitude. Compared to proton minibeams, helium ion minibeams were found to broaden at a slower rate and yield an even higher PVDR (at the same minibeam spacing) as well as a more favourable BEDR. Moreover, the simulations showed that methods developed for proton minibeams are suitable for the generation of helium ion minibeams.
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1 INTRODUCTION
Technological advances in radiation therapy have led to a notable improvement of dose conformity in the tumour as well as a reduction of the dose given to organs-at-risk [1]. Nonetheless, the tolerance dose of normal tissue continues to be an important limitation for the treatment of some radioresistant tumours, such as brain tumours, or certain paediatric cancers.
Spatial modification of the dose distribution, as in spatially fractionated radiation therapy (SFRT), has shown great potential in this context [2–7]. In SFRT, the dose profiles are a succession of areas of high dose (peaks) and areas of low dose (valleys). The ratio between the peak and valley doses (peak-to-valley dose ratio, PVDR) is believed to be a biologically relevant parameter: high PVDR with low valleys favours normal tissue sparing [8]. While the exact radiobiological effects underlying SFRT are not yet completely known, possible actors promoting normal tissue sparing might include dose-volume effects [9, 10], cell signalling effects [11] and the so called microscopic prompt tissue-repair effect [7].
While SFRT has been mainly explored with X-rays [12], the use of protons can offer several advantages [13, 14]. Proton beams can stop in the patient and exhibit a depth-dose distribution characterized by a localized maximum (Bragg peak) beyond which only a negligible dose is deposited. This helps to improve the dose conformity and increase tissue sparing in particular in healthy tissue behind the tumour which can further reduce secondary effects. In addition, the gradual beam broadening caused by multiple Coulomb scattering of protons allows to obtain a homogeneous dose distribution in the tumour with only one array of proton minibeams [13, 14]. In contrast to this, SFRT with X-rays requires a superposition of several arrays to yield a (quasi-)homogeneous dose distribution in the target which leads to a more complex and error-prone irradiation geometry. Along these lines, proton minibeam radiation therapy (pMBRT) has already shown a remarkable reduction of neurotoxicity [15] as well as an important widening of the therapeutic window for the treatment of high-grade gliomas in small animal experiments [16, 17].
Next to protons, helium ions might also present a good candidate for MBRT [18]. Compared to protons, they experience reduced multiple Coulomb scattering which could lead to further improvements of the dose distributions and a higher PVDR. Moreover, the cross-section for nuclear fragmentation of helium ions is lower than that of heavier ions such that issues related to fragmentation tails beyond the Bragg peak can be avoided [19–22].
Recently, pMBRT was implemented at the Orsay Proton Therapy Centre (ICPO) using a multislit collimator attached at the end of the nozzle. This method has been evaluated both in passive scattering [23, 24] and pencil beam scanning mode [25]. While such a mechanical collimation presents a straightforward way to implement pMBRT at an existing facility, it may come at the cost of a reduced dose rate and overall efficiency. Furthermore, the collimator becomes an additional source of secondary neutrons which, although contributing less than 1% to the patient dose [24], are generally undesirable. Lastly, this technique is rather inflexible as it may be necessary to fabricate a new collimator for different patients or patient groups.
As an approach to overcome these limitations, we have recently considered pMBRT with magnetically focused and scanned minibeams [26]. While this method is conceptually very similar to established pencil beam scanning (PBS) techniques, a crucial difference lies in the beam sizes used in the two cases: Beams used for PBS typically have a diameter of 1–2 cm (full width at half maximum at the isocentre) [27, 28] whereas minibeams are preferably no wider than about 1 mm to optimally exploit tissue sparing effects. We recently proposed a new nozzle design capable of generating such minibeams through magnetic focusing only [26].
The goal of this study was to perform a thorough comparison of the three minibeam generation techniques (collimator and broad beam, collimator and PBS, magnetic focusing) and to assess the possible advantages and shortcomings of each method in terms of dose distributions, PVDR and efficiency. The study was realized as Monte Carlo simulations using the toolkit TOPAS and proton as well as helium ion minibeams were considered.
2 MATERIALS AND METHODS
Monte Carlo simulations were conducted to evaluate three different techniques for generating planar minibeams:
• Collimator and broad beam (C+BB),
• Collimator and magnetically scanned pencil beam (C+PBS),
• Magnetically focused and scanned minibeam (MF).
The three techniques were compared with respect to the dose distribution in a water phantom and the irradiation efficiency (average dose deposited per primary particle). Each technique was evaluated both with protons and 4He ions and for different, clinically relevant ranges. The considered ranges were approximately 7.7 cm (protons 100 MeV, helium ions 400 MeV), 11.1 cm (protons 123 MeV, helium ions 492 MeV) and 15.8 cm (protons 150 MeV, helium ions 600 MeV).
2.1 Monte Carlo Simulation Details
The simulations were performed with the Geant4-based toolkit TOPAS1 version 3.2. p2 [29]. The physics list was built using the Geant4_Modular option with the recommended modules for proton therapy (g4em-standard_opt3, g4h-phy_QGSP_BIC_HP, g4decay, g4ion-binarycascade, g4h-elastic_HP, g4stopping and g4radioactivedecay) [30–33] and the range cut was 10 µm in all volumes and for all particles. While the simulated beam-shaping components were different for each minibeam generation technique (see below), the irradiation target was always a 4 × 4 × 20 cm3 water phantom.
An identical minibeam pattern was simulated in all cases, consisting of five vertical planar minibeams spaced out horizontally at a centre-to-centre distance of 4 mm. This corresponds to an irradiation configuration that was frequently used in our previous preclinical experiments [15, 16, 25, 34]. Figure 1 shows an example of a dose distribution produced with this pattern. The horizontal full width at half maximum (FWHM) of the minibeams at the phantom entrance was between 0.39 and 0.71 mm (see Table 1) and the total area covered by the minibeams was roughly 2 × 2 cm2. The minibeam geometry and pattern were therefore similar to those used in previous pMBRT studies [13, 15, 16, 18, 25, 34].
[image: Figure 1]FIGURE 1 | Dose distribution in the water phantom for 100-MeV minibeams obtained with collimator and PBS (C+PBS). Left: lateral cross section at the phantom entrance. Right: longitudinal cross section at y = 0 cm. The green and red dots/dashed lines indicate considered peak and valley regions, respectively.
TABLE 1 | FWHM and PVDR at phantom entrance and Bragg peak depth and BEDR of all considered cases.
[image: Table 1]Details of the different minibeam generation techniques are given in the following subsections. Schematics of the simulated geometries are shown in Figure 2 and the beam source parameters are compiled in Table 2.
[image: Figure 2]FIGURE 2 | Simulated geometries of the three different minibeam generation techniques. Abbreviations stand for: S - source, B - beam, C - collimator, P - phantom, IC - ionization chamber, VT - vacuum tank, SM - scanning dipole magnet, SN - snout, Q - focusing quadrupole magnet.
TABLE 2 | Beam source parameters used for protons and helium ions. The energy of the helium ion beams (values in parantheses) was four times that of the proton beams.
[image: Table 2]2.1.1 Collimator and Broad Beam
The first evaluated technique represents the most straightforward approach of minibeam generation where a collimator is uniformly irradiated with a broad beam. A cylindrical brass collimator (radius 4.5 cm, thickness 6.5 cm) with five parallel slits (400 µm × 2 cm) was used. The centre-to-centre distance between the slits was 4 mm and there was a 5 cm air gap between the collimator exit and the phantom entrance.
A theoretical beam source was considered with parameters corresponding to a best case scenario, i.e. the beam particles propagate parallel to each other and the collimator is covered uniformly. For this, an instance of TOPAS’ beam type source was used with a flat spatial distribution and a Gaussian angular distribution with a very small standard deviation of 0.5 mrad. The field size was 10 × 10 cm2 and covered the entire collimator (diameter of 9 cm). The beam source was placed 100 cm upstream of the phantom entrance (88.5 cm upstream of the collimator) and an energy spread of 1% was assumed.
2.1.2 Collimator and Pencil Beam Scanning
The second minibeam generation technique was based on the method of De Marzi et al. [25], where a pencil beam is magnetically scanned across the collimator. Compared to the broad beam approach, this is expected to reduce the proportion of the beam getting blocked by the collimator which in turn should improve the delivery efficiency, increase the dose rate and decrease the neutron production.
For this case, the complete universal nozzle of the Orsay Proton Therapy Centre in PBS mode was simulated. The individual nozzle components and the collimator had the same geometry as in the work of De Marzi et al. [25, 28] and the air gap between collimator exit and phantom entrance was again 5 cm. The beam source was placed at the nozzle entrance (vacuum window) and the source parameters are listed in Table 2.
The pencil beam was laterally moved across the entrance face of the collimator by simulating magnetic dipole fields in the scanning magnets SM1 and SM2 (see Figure 2) using TOPAS’ DipoleMagnet feature. It should be emphasized that, in contrast to the parallel slits of the collimator irradiated with broad beams, the collimator used in this case had slightly divergent slits (angle of 0.125 degrees between adjacent slits) to account for the inclination angle of the scanned pencil beams. The scanning pattern for the uncollimated beam consisted of five columns corresponding to the five slits in the collimator: the beam was scanned vertically along each slit such that the centres of the slit and beam spot coincided. It should be noted that a beam spot always covered multiple slits due to the comparatively large size of the pencil beams. Therefore, the relative weights of the columns had to be adjusted to yield a laterally more homogenous dose distribution in the phantom.
2.1.3 Magnetic Focusing
We have previously proposed a new nozzle design suitable for the delivery of magnetically focused and scanned minibeams which forms the basis of the third technique considered in this study. This new design features a more compact nozzle comprised of a pair of focusing quadrupole magnets, a pair of scanning dipole magnets and an ionization chamber for beam monitoring, all contained in an evacuated environment (see Schneider et al., 2020 [26] for more details). The configuration considered in this study assumed an air gap of 10 cm between the nozzle exit and phantom entrance.
The beam source was placed at the nozzle entrance and parametrized according to the aforementioned article. Table 2 summarizes the used beam source parameters. The setting of the focusing quadrupole magnets was adjusted such that the beam size at the phantom entrance was approximately constant (0.6–0.7 mm FWHM) for all considered beam energies. Note that the magnetic focusing produced symmetric pencil-shaped minibeams, i.e. the horizontal and vertical beam sizes were equal. Thus, in order to obtain the same planar minibeams generated with the collimators, the pencil-shaped minibeams were magnetically scanned across the phantom to create five vertical columns with a height of 2 cm and a centre-to-centre distance of 4 mm. A number of 50 and 100 spot positions per column were used for proton and helium ion beams, respectively, in order to obtain a homogeneous vertical profile. The scanning was again simulated by attaching dipole fields to the according volumes (SM1 and SM2), using TOPAS’ DipoleMagnet feature.
2.2 Dosimetric Evaluation
The dose distributions in the phantom were recorded using TOPAS’ DoseToWater scorer. The voxel size was 0.1 × 0.1 × 1 mm3. For each voxel, the dose uncertainty was calculated by considering the standard deviation of multiple repetitions of the simulations (between 20 and 120, depending on the number of primary particles arriving at the phantom in each case). Subsequently, the global relative uncertainty was then computed as the root mean square of the voxel uncertainties over all voxels with at least half the maximum dose. It was ≤1.28% in all cases.
The analysis of the dose distributions included the consideration of depth-dose profiles along the central peak and an adjacent valley region and the calculation of the Bragg-peak-to-entrance dose ratio (BEDR) for the central minibeam. Moreover, the peak-to-valley dose ratio (PVDR) and the size of the central minibeam were assessed as functions of the depth. For the latter, additional simulations were performed considering only the central minibeam (using a special single-slit collimator in the cases C+BB and C+PBS). The beam size of this central beam is stated as the FWHM of the lateral dose profile in the phantom and was determined via a Gaussian fit.
The uncertainties of the PVDR and BEDR values were calculated by propagating the uncertainties of the corresponding dose voxels while the beam size uncertainties were provided by the fitting algorithm.
2.3 Irradiation Efficiency
The efficiency was determined as the laterally integrated dose at the Bragg peak depth divided by the number of primary particles. In the case C+BB, the number of primaries included a correction factor to account for the fact that the beam was larger than the collimator: As the size of the beam was 10 × 10 cm2 = 100 cm2 whereas the cross-sectional area of the collimator was only π × 4.52 cm2 ≈ 63.6 cm2, the number of primaries was first reduced by a factor of 0.636 to obtain the effective number of primaries incident on the collimator.
As before, stated uncertainties correspond to the standard deviation of multiple repetitions of the simulations.
3 RESULTS
3.1 Dosimetric Evaluation
The dosimetric evaluation was separated into multiple parts. The evolution of the beam size as a function of the depth is shown in Figure 3 while lateral dose profiles at the phantom entrance are displayed in Figure 4. Figure 5 presents the peak and valley depth-dose profiles as well as the associated PVDR as a function of the depth. Finally, Table 1 compiles the beam sizes (FWHM) and PVDR at the phantom entrance and Bragg peak depth and lists the BEDR for all cases.
[image: Figure 3]FIGURE 3 | Evolution of the FWHM as a function of depth for proton beams (top row) and helium ion beams (bottom row) and for the different minibeam techniques (columns). The uncertainty bars are smaller than the markers.
[image: Figure 4]FIGURE 4 | Lateral dose profiles at the phantom entrance for proton and helium ion beams and for the different minibeam techniques (columns). The blue and red curves are artificially scaled by a factor of 3 and 2, respectively, to provide better visual distinction. The first and third row show the horizontal profiles at y = 0 cm; the second and fourth row show the vertical profiles at x = 0 cm.
[image: Figure 5]FIGURE 5 | Depth-dose profiles and PVDR evolution for proton and helium ion beams and for the different minibeam techniques (columns). First and third row: depth-dose profiles along peak (solid lines) and valley (dashed lines) regions. Second and fourth row: Evolution of PVDR as a function of depth, the uncertainty bars are smaller than the markers.
3.1.1 Beam size
The beam broadening is virtually identical for the three minibeam techniques and only depends on the beam energy. Beams with a higher energy grow at a slower rate because they have a greater forward momentum and are therefore less affected by lateral deflections due to multiple Coulomb scattering [35, 36]. The same principle explains why the size of the mechanically collimated beams at the phantom entrance decreases slightly with increasing beam energy (see Table 1). For the case of magnetic focusing, it should be noted that the quadrupole settings and beam source parameters were manually adapted as to always yield a beam size between 0.6 and 0.7 mm FWHM at the phantom entrance. Therefore, the effect of a decreasing beam size with increasing beam energy is not observed for this technique.
Compared to protons, helium ions experience much less lateral scattering which results in a much slower growth of the beam width. At Bragg peak depth, the FWHM is only about half as large as for the corresponding proton minibeams.
Lastly, small differences in beam broadening are observed between the collimator techniques: For PBS, the minibeams were observed to broaden slightly quicker than for the case of broad beam irradiation. This can be seen in particular for the higher energies where the FWHM at the phantom entrance and at the Bragg peak is consistently at least 0.1 mm larger for C+PBS than for C+BB. The reason for this lies in the different divergences that were used for the beam sources (2–3 mrad for the pencil beams vs. 0.5 mrad for the broad beam). It should be reiterated that the small divergence of the broad beam was chosen deliberately to represent a best case scenario.
3.1.2 Lateral Dose Profiles
Figure 4 shows the horizontal and vertical dose profiles at the phantom entrance. As explained in the work by De Marzi et al. [25], the orientation of the collimator slits must be tailored to the irradiation setup in order to account for the internal divergence of the uncollimated beam. For the case of C+PBS, variations are observed between the intensities of the five minibeams and the vertical dose profiles exhibit inhomogeneities. It was attempted to mitigate these effects by adjusting the weights of the individual pencil beam spots and a continued optimization of the spot weights may be expected to further improve the profiles.
At any rate, the need for these adjustments shows that the use of collimators for minibeam generation complicates treatment planning and underlines the inflexibility of collimated minibeams. In comparison to this, much smoother dose profiles could be obtained with the magnetically focused minibeams.
3.1.3 Depth-Dose Profiles and Peak-to-Valley Dose Ratio
Figure 5 shows the peak and valley depth-dose profiles as well as the PVDR as a function of depth. The sampling locations of the depth-dose profiles are indicated in Figure 1. The depth-dose profiles obtained with the different minibeam techniques are generally very similar except for one important difference: compared to magnetic focusing, mechanical collimation yields higher valley doses at low depths which can be attributed to intra-slit leakage and scattered primary particles as well as an increased number of secondaries produced in the collimator.
For the case of magnetic focusing, the peak profiles exhibit a small shoulder at a depth of 1–2 cm, in particular for proton beams of 123 and 150 MeV. This can be interpreted as a consequence of the focal point of the beam being located inside the phantom so that the beam broadening due to lateral scattering is compensated by a converging motion of the focused beam particles. Indeed, considering again the beam broadening (Figure 3), one observes that in these two cases the width of the minibeams stays almost constant over the first 2 cm whereas the curve corresponding to the 100 MeV beam exhibits notable broadening.
Helium ions yield a much sharper and higher Bragg peak than protons. As a result, the BEDR is about 30–40% higher for the lowest energies (100 MeV proton beams, 400 MeV He beams), however this difference becomes less pronounced as the beam energy increases. Moreover, the Bragg peak becomes more smeared out and the BEDR decreases for higher energies. This is because range straggling becomes more important as the range increases and more primary particles are lost in nuclear interactions, leading to a reduction of the Bragg peak height [37]. In almost all cases, the BEDR of the peak dose profiles is <1 which represents an important difference compared to the standard Bragg curve observed for conventional hadron therapy with supermillimetric beams. A BEDR smaller than one implies an increased dose deposition in shallow tissue or at the skin level and must be considered disadvantageous for healthy tissue sparing. However, the high entrance dose is restricted to the peak regions and may be compensated for by the tissue sparing effects of the spatial fractionation.
A high PVDR >10 is observed in all cases, at least at shallow depths. By far the highest PVDR is observed for magnetic focusing (about 20–60 times higher than those for C+BB and C+PBS, respectively). This is a direct consequence of the much lower valley doses. Analogously, the helium ion beams yield a higher PVDR than the proton beams.
The PVDR decreases more slowly when the beam energy is higher. This can be understood as a consequence of the reduced multiple Coulomb scattering at higher energies: higher-energetic beams broaden more slowly which means that the valleys fill up more slowly. At the phantom entrance, however, beams with a higher energy were observed to yield a lower PVDR (Table 1).
Lastly, it should be noted that lateral homogenization of the dose (i.e. PVDR ≈ 1) at the Bragg peak depth is only observed for the proton beams at an energy of 123 and 150 MeV. This is because the spacing of the collimator slits was optimized for these cases but the same minibeam pattern with identical centre-to-centre distances was also considered for all other cases. More details on this are given in Section 4.
3.2 Efficiency
Figure 6 shows the dose efficiencies (mean dose deposited at Bragg peak depth per primary particle). Magnetic focusing is found to be the most efficient minibeam delivery method, both for protons and helium ions, yielding an increase in efficiency of one to two orders of magnitude compared to the collimator techniques. Moreover, the efficiency of helium ions is 3–4 times higher than that of protons. This is in agreement with the fact that helium ions yield sharper and higher Bragg peaks, as mentioned before.
[image: Figure 6]FIGURE 6 | Efficiency of proton and helium ion beams at different beam energies and for different minibeam techniques. The uncertainty bars are very small and barely visible.
For the cases C+BB and MF, the efficiency tends to decrease slightly as the beam energy increases. This is a consequence to the Bragg peak becoming flatter and more smeared out due to enhanced range straggling, as argued in Section 3.1.3. An opposite effect is observed for the case C+PBS with proton beams (and to a much smaller degree also with helium ion beams) which may be explained with the widths of the uncollimated pencil beams. The widths become smaller as the energy increases, so a larger proportion of the initial beam passes the collimator.
Between the two methods involving a collimator, irradiation with a scanned pencil beam was found to be about 5–10 times more efficient than broad beam irradiation. It should be noted, however, that the efficiency of the C+BB case strongly depends on the ratio between the sizes of the initial uncollimated beam and the collimator but also on the size and number of the collimator slits. This point is further discussed in the next section.
4 DISCUSSION
Proton minibeam radiation therapy is a novel therapeutic approach which, in preclinical experiments, has shown significant increases in the preservation of normal tissue [38, 39] while providing equivalent or superior tumour control [16, 17]. The generation of very narrow proton beams, intense enough to deliver the required dose in a reasonable amount of time (a few minutes) at existing clinical facilities, is a challenging task. The current implementation at clinical centres uses mechanical collimation which, despite representing a straightforward and readily applicable method, is suboptimal due to flux reduction, limited flexibility and neutron production (although evaluations have shown only a modest increase of <1% for the biological neutron dose in the patient [24]). In a previous work, we have thus proposed a new nozzle design capable of generating magnetically focused proton minibeams at a clinical centre [26].
In this study, we evaluated the differences between minibeam techniques using mechanical collimation and magnetic focusing. The aim of this comparison was twofold, considering gains in terms of efficiency but also whether there exists any advantage concerning the dose distributions. The simulations were performed with protons as well as helium ions which experience less multiple Coulomb scattering and which could therefore further improve the dose distributions.
As expected, magnetic focusing was shown to be much more efficient than mechanical collimation due to the fact that the entire beam can be used for dose deposition in the target. Compared to the collimator techniques, the mean dose per primary particle deposited at Bragg peak depth was at least 20 times higher with magnetic focusing in all cases. Such a gain is interesting in particular regarding a potential combination of pMBRT and FLASH therapy [40, 41] which requires very high dose rates. Moreover, helium ions were observed to be more efficient than protons which, in the context of the used metric, can be explained by the sharper Bragg peaks.
Between the two collimator techniques, irradiation with scanned pencil beams (C+PBS) has shown an improved efficiency compared to broad beam irradiation (C+BB). As stated above, the efficiency in the latter case depends strongly on the field size and the collimator geometry. The considered collimator was already used in previous studies [25, 42] (with the exception that parallel slits were used for the case C+BB) and a uniform irradiation of the entire cross-section of the collimator was assumed, approximating the conditions of a passively scattering beamline. It should be noted, however, that a reduction of the size of the uncollimated beam could drastically improve the efficiency. For instance, a four-fold increase of the efficiency would be expected from geometrical considerations for a field size of 5 × 5 cm2.
Concerning the dosimetric evaluation, a substantially enhanced PVDR at shallow depths was observed for magnetically focused minibeams compared to mechanically collimated ones. Similarly, helium ions were found to yield a higher PVDR than protons. This is desirable as it has been shown that a high PVDR favours normal tissue sparing [8]. In terms of BEDR, magnetic focusing does not offer any improvements over mechanical collimation. Instead, protons could be replaced by helium ions to obtain a more favourable ratio between the entrance and Bragg peak doses.
It should be emphasized again that the PVDR is very dependent on the spacing between the minibeams and that the value considered in this study was optimized for proton beams of 123–150 MeV (cf. De Marzi et al. [25]). The idea here was to use the model of an existing collimator for proton beams and to evaluate whether it could also be used with helium ions. Our results show that collimators designed for proton beams could also be used to produce helium ion minibeams.
In order to attain lateral homogenization at the Bragg peak depth with helium ions, a narrower centre-to-centre distance would be required, in particular at lower beam energies. This would result in a significantly lower PVDR which generally implies a reduction of tissue sparing effects. However, recent experiments indicate that homogenous dose coverage of the target may not be needed to achieve tumour control [16, 17]. A more detailed discussion of these aspects can be found in one of our previous works [18].
While the focus of this study lay on the comparison of the dose distributions and neutron production, another important factor is the linear energy transfer (LET) as it can influence the biological effectiveness of the irradiation. Previous works on pMBRT by our group found a slightly higher LET in the valley regions than in the peak regions [18, 42]. From these studies, it appears that collimator-generated minibeams [42] yield a less favourable ratio (i.e. higher valley LET) than magnetically focused minibeams [18]. In this light, future studies should therefore also evaluate the peak-to-valley LET ratio (see e.g. González and Prezado [43]).
Following previous works [25, 42], this study evaluated beam energies between 100 and 150 MeV/u which would be adequate e.g. for the treatment of brain tumours [15, 16, 42]. Nonetheless, proton minibeams of ≥200 MeV have also been considered, using both collimation techniques [28] and magnetic focusing [26]. Due to the reduced importance of lateral scattering, the generation of magnetically focused minibeams becomes easier at higher energies whereas the production of unwanted secondary particles in the collimator increases. The advantages of magnetic focusing over mechanical collimation demonstrated in this study can therefore be expected to apply also at higher energies. It should be noted, however, that the results presented here are based on Monte Carlo simulations. We are currently working toward a physical implementation of magnetically focused minibeams and hope to soon be able to perform experimental validations.
Lastly, it should be mentioned that, at least for now, mechanical collimation represents the technically easier approach for minibeam generation. Indeed, all existing implementations of pMBRT at clinically relevant energies use collimators [17, 23, 25] and this technique can in principle be readily applied at any proton therapy centre [26, 44]. In contrast to this, the generation of magnetically focused minibeams will likely not be achievable with current clinical nozzles [26]. However, our simulations indicate the compatibility of the new nozzle design considered in this study with existing proton therapy technology such as synchrotron-based facilities (see Schneider et al. [26] for more details).
The new minibeam nozzle design uses standard components (electromagnets, ionization chambers) so that no additional costs are expected compared to conventional PBS nozzles. On the contrary, the improved flexibility and efficiency of magnetic focusing would likely allow a much more economic implementation of pMBRT than mechanical collimators. Moreover, also standard PBS techniques could benefit from the new nozzle design and its ability to deliver smaller beams with sharper penumbrae.
5 CONCLUSION
The results of our study show that magnetic focusing represents a better approach for minibeam generation than mechanical collimation, exhibiting substantial improvements in terms of irradiation efficiency and PVDR. Moreover, they indicate that helium ion minibeams can be generated using the same techniques that were developed for pMBRT. Despite the technical challenges related to a practical implementation of magnetically focused minibeams, our results support and further motivate the work toward the physical realization of such a system at a clinical centre.
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