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Spatially fractionated radiotherapy (SFRT) offers a gain in normal tissue sparing with respect to standard seamless irradiations. The benefits of SFRT may be further enhanced by replacing the commonly used photon beams by charged particles. Along this line, proton SFRT has already shown a significant widening of the therapeutic window for radioresistant tumors in preclinical studies. The goal of this work was to investigate whether the use of superior energies as compared to the clinical ones, as well as heavy ions could lead to a further improvement of SFRT. New facilities such as FAIR, RAON, or some others associated with the International Biophysics collaboration will be able to provide very intense high-energy ion beams, enabling the experimental evaluation of the Monte Carlo simulations reported in this work. Our results indicate that proton SFRT could benefit from the use of higher beam energies ([image: image] GeV). Concerning heavy ions, such as carbon or neon, the main advantage would be the possible theragnostic use. Biological experiments are needed to validate these results, and they will be the subject of future experimental proposals at those new facilities.
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1. INTRODUCTION

Spatial fractionation of the dose, such as in minibeam radiation therapy (MBRT), has already proven its capacity to spare normal tissues [1–4]. Spatially fractionated radiotherapy (SFRT) has been mainly explored using photons, such as in LINAC-based Grid therapy [2] or synchrotron micro and minibeam radiation therapies [1, 3–6].

However, SFRT may be further improved by partnering its benefits with the advantages of charged particles for therapy [7, 8]. Recently, proton minibeam radiation therapy (clinical beams) has demonstrated a net gain in normal tissue sparing [9–12]. An equivalent or superior tumor control than with standard seamless irradiations was observed after pMBRT [12, 13]. This holds even in cases where highly heterogeneous dose distributions were delivered.

In contrast to the flat dose profiles in conventional radiotherapy, the profiles in SFRT follow a pattern of areas of high dose (peaks) followed by areas of low dose (valley). The ratio between peak and valley doses, the so-called peak-to-valley-dose ratio (PVDR), is considered to be an important dosimetric parameter in SFRT, as it plays an important role in the biological response. Different studies suggest that high PVDR with low valleys favor tissue sparing, while low PVDR with high valleys increase tumor control [14].

Dosimetry evaluations in heavy ions MBRT have shown favorable dose distributions for normal tissue sparing [8, 15]. Indeed very high peak-to-valley dose ratios and minimal contribution of high linear energy transfer (LET) nuclear fragments to the valley regions, which are believed to be responsible for normal tissue sparing [14], were obtained. Additionally, the possible gain in normal tissue sparing of MBRT might allow a renewed use of very heavy ions (Ne, Ar, and Si) for the treatment of hypoxic tumors [15], which remains one of the main challenges in radiation therapy. Heavy ions, such as Neon, were used in the past, demonstrating a high capacity for hypoxic cell tumor killing [16, 17]. However, their use was discontinued due to important side effects [17]. The first biological experiments performed using Ne MBRT at HIMAC (NIRS-QST) seem to validate our hypothesis, namely, a gain in normal tissue sparing thanks to the combination of Ne ions with MBRT [18].

The advent of new accelerators, able to provide very intense high energy (up to 10 GeV/A) ions beams, opens up for new possibilities for the exploration of charged particles MBRT. This is the case of facilities such as FAIR (Facility for Antiproton and Ion Research, www.gsi.de), Rare Isotope Science Project (RAON, https://www.ibs.re.kr), or some others associated with the recently created International Biophysics collaboration (IBC). In particular, the use of high-energy beams (around 1 GeV/A) would reduce multiple coulomb scattering (MCS), which could lead to higher PVDR in normal tissues than with clinical-relevant energies. The resulting narrow penumbras could make the beams to act as “remote scalpels” for radiosurgery applications [7, 19]. This could find important applications in the treatment of non-cancer diseases, such as arteriovenous malformations or some types of epilepsy [20]. In addition, the reduction of MSC would allow the use of narrower beams, while keeping a good ratio between dose deposited in the trajectory of the primary beam and scattered dose. Moreover, high-energy beams may enable a theragnostics use, as the exiting beam could be employed for imaging purposes. The high beam intensity of those new facilities might allow to combine SFRT and FLASH therapy [21]. Very high dose rates will also open new possibilities in SFRT: moving targets (such as lung) could safely start to be considered without the risk of jeopardizing the spatial fractionation of the widows.

Indeed, the use of relativistic protons was already proposed for plateau (non-Bragg peak) stereotactic radiosurgery in the late 70s [22]. More than a thousand of patients have been treated at PNPI synchrocyclotron with 1GeV for image-guided stereotactic radiosurgery (IGSpRS) [23].

The aim of this dosimetry study was to assess whether the combination of high energy charged particles beams and MBRT could offer an advantage in SFRT. A very first evaluation of the use of high energy (1 GeV) protons for SFRT was reported by Prezado et al. [7]. This new investigation aims at completing that first study and extend it toward heavy ions, with the goal of evaluating the interest of this new approach.



2. MATERIALS AND METHODS

Monte Carlo simulations were performed to evaluate the dose distributions of high energy protons, 12C and 20Ne minibeam radiation therapy.


2.1. Monte Carlo Simulations

The GEANT4 (GEANT4.10.3)-based GATE (release 8.0) toolkit was employed. One of the recommended physics list for hadrontherapy by the GATE collaboration was employed [24]. The so-called QGSP−BIC−HP builder and standard option 3 were used to describe the hadronic and electromagnetic interactions, respectively. A range cut of 20 μm was considered for protons, electrons, positrons, and gammas. Values of 75 and 85.7 eV were used for the ionization potentials in water and air, respectively [24, 25].

The beams impinged into either (i) a cubic-shaped water phantom (20 x 20 x 500 cm) or (ii) computed tomography (CT) DICOM images of anonymized human patients, both embedded in air. The method described in [26] was followed to convert Hounsfield Units (HU), i.e., voxel values, into materials, for dose calculations.

Particle sources were modeled by means of General Particle Source (GPS), which considers a Gaussian shape for the energy spectrum. Three irradiation configurations were created: broad beam, single minibeam, and minibeam arrays. Different beam energies of 400, 700, and 1,000 MeV/u were used (maximum range of 3.25 m water equivalent for the highest proton energy). Energy spreads of 0.1% MeV of total energy were simulated in all cases. A realistic beam divergence of 3 mrad was assumed.

The dimensions of the beam source were 2 x 2 cm in the case of broad beam irradiations and 50 μm, 600 μm, and 1 mm x 2 cm in the case of MBRT. The narrowest beam width is the one used in Microbeam Radiation Therapy [1]. Beam widths of 600 μm are the most commonly used in MBRT studies. We decided to evaluate thicker beams as well, those around 1 mm, as they still provide a significant normal tissue sparing [12]. The sources were placed at 7 cm far away from the phantom. The minibeam arrays consisted of five minibeams with a center-to-center distances (ctc) of 1,200 μm (commonly used in MBRT) and 3,500 μm, which has been shown to minimize the contribution of heavy nuclear fragments to the valleys [8].

Doses were recorded by using the GATE dose-actor. They were tallied in bins of one tenth of the minibeam widths in each case, 2 mm, and 1 mm in the lateral, vertical, and beam directions, respectively. Depth dose profiles (PDD) and peak-to-valley dose ratios (PVDR) were assessed over the tally bin size along the beam transversal axis by taking the doses in the central peak and its adjacent valley. The statistical uncertainty in dose in each voxel was calculated as reported in [27].

The total number of primary particles simulated was 108, leading to a global uncertainty of less than 1%.




3. RESULTS

This section reports on the calculated dose distributions of both broad beam and MBRT irradiation with high energy proton, carbon, and neon beams. Dose are recorded along the tallies of the central axis.


3.1. Broad-Beam Dose Distributions

Figure 1 upper-left shows the depth dose curves in water for 2 x 2 cm large proton beams with energies going from 400 MeV to 1 GeV. In contrast to the dose deposition in depth with clinically relevant energies, there is a continuous decrease in the dose deposited in depth up to the Bragg peak [28]. The ratio between the dose deposited at the entrance and at the Bragg Peaks increases with the beam energy. Figure 1 upper-right to lower-right depicts the proportion of secondary particles as a function of depth for the three energies (400, 700, and 1,000 MeV) considered. The trend is the same for all the three energies: secondary nuclear products and electrons amount for roughly 10% of the total dose, being higher the contribution of the first ones. Gamma rays contribution is several orders of magnitude lower than other ones.


[image: Figure 1]
FIGURE 1. Left panel in the upper row: Depth dose curves resulting from broad-beam irradiations with 400, 700, and 1,000 MeV proton beams. The plots in the upper row right column and the lower row show the contribution of the secondary particles to the total dose for the three energies evaluated.


Figure 2 shows the contribution of both primary and secondary particles to the total dose in the case of 700 and 1,000 MeV/u of Carbon and Neons beams. The dose deposited by the secondary nuclear products increases with the atomic number of the ion at shallow depths and can overpass the dose contribution of the primary ions for the higher energies (1,000 MeV/u).


[image: Figure 2]
FIGURE 2. Relative dose deposition of primary and secondary particles to the total dose as a function of depth when a water tank is irradiated with 700 (left) and 1,000 MeV/u (right) carbon (up) and neon ions (bottom) broad beams.




3.2. Minibeam Radiation Therapy

Figure 3 upper-row shows the depth dose curves of one single 1,000 MeV proton minibeam (50 μm, 600 μm, and 1mm-wide beam). On the right side, the depth dose curves zoomed in the range from 0 to 160 mm (approximative lateral length of a human head [29]) are depicted. In the case of 50 μm-wide beams, the important lateral scattering results in a rapid fall off of the deposited dose after a few centimeters. Consequently, those narrow beams were deemed not to be suitable for charged particle SFRT. The curves are almost flat for the thicker beam widths evaluated (600 μm and 1 mm) up to 7 cm in depth. From that depth on, the depth dose curve decreases rapidly in the case of 600 μm-wide beam, helping to reduce the dose deposited upstream. This could be an interesting feature for the treatment of brain tumors. Central and lowest rows depict the depth dose curves for 700 and 1,000 MeV/u C and Ne ions, respectively. No important difference was observed for any of the configurations in the first 16 cm depth. In contrast, a more rapid fall off in the dose as a function of depth is observed for C and Ne in comparison with protons. This is a result of a more important attenuation in depth due to a higher rate of nuclear fragmentation [30].


[image: Figure 3]
FIGURE 3. Depth dose curves for 50 μm, 600 μm, and 1 mm-wide 1,000/u GeV protons (upper row), carbon (central row), and Neon (lower row) beams in water tank. The left column shows the full range, while the right one depicts only the first 16 cm.


Figure 4 shows the depth dose curves for the central beam of arrays of proton minibeams of different energies, widths and ctc. The three rows corresponds to the three energies evaluated: 400 MeV (uppermost row), 700 MeV (central row), and 1,000 MeV (lowest row). The dose deposition along the total beam range and the first 16 cm depth are shown in the left and right columns, respectively. The curves are flatter with respect to the case of one unique minibeam. The larger the width and ctc of the array, the deeper the distance before the dose deposition starts decreasing rapidly. Figure 5 shows the contribution of the secondary products to the valley doses. The main contribution in the first 20 cm are nuclear products, particularly the secondary protons for all the beam energies evaluated.


[image: Figure 4]
FIGURE 4. Depth dose curves for the central minibeam of arrays of 600 μm and 1 mm-wide protons of 400 (upper row), 700 (central row), and 1,000 MeV (lower row) minibeams in water tank. Two ctcs are compared. The left column shows the full range, while the right one depicts only the first 16 cm.



[image: Figure 5]
FIGURE 5. Composition of the valley doses in the case of 400 (up), 700 (middle), and 1,000 MeV (down) proton minibeams.


Figure 6 shows the PVDR values for the proton minibeams for the same aforementioned configurations. The highest PVDR are achieved with 600 μm-wide beams and ctc of 3,500 μm (middle), being around five times higher than the PVDR for a ctc of 1,200 μm (down). For this later case, a homogenization is reached at around 10 cm depth. Intermediate values are obtained in the case of one array of beams 1 mm wide. PVDR values are higher than the ones used previously in preclinical studies [11–13], and which had shown a net gain in normal tissue tolerances. Therefore, an even higher sparing of normal tissue might be expected. The PVDR values are similar or even lower than the values that could be obtained with magnetically focused 100 MeV proton beams [31]. The lower the beam energy is, the higher the PVDR in the first centimeters. The reason is that at these high beam energies, the stopping power follows an inverse relation with the beam energy (www.nist.gov). Consequently, the dose deposition by the primary beam follows an inverse relationship with the beam energy. In addition, the secondary products are more forward directed depositing their energy at deeper depths. This results in smaller peak doses at shallower depths for the highest energies. Since the valley doses are very small, the PVDR is dominated by the peaks at this range of beam energies.


[image: Figure 6]
FIGURE 6. PVDR values for arrays of protons minibeams are shown: 600 μm-wide beams and 1,200 μm ctc (up); 600 μm-wide beams and 3,500 μm ctc (middle); 1 mm-wide beams and 3,500 μm ctc (down).


Figure 7 depicts the depth dose curves for the central minibeam in the case of C and Ne ions of 700 and 1,000 MeV/u. The beam width and ctc considered were 600 and 3,500 μm. Figure 8 shows the contribution of nuclear products, electrons and gammas to the valley doses for 700 MeV carbon and neon 600 μm-wide beams. Nuclear products are the dominant ones at almost all depths, which is in contrast to trends observed at lower beam energies [15].


[image: Figure 7]
FIGURE 7. (Up) PDD curve for 700 (left) and 1,000 MeV/u (right) Carbon minibeams of 600 μm witdth and 3,500 μm ctc. (Bottom) PDD curve for 700 (left) and 1,000 MeV/u (right) Neon minibeams of 600 μm witdth and 3,500 μm ctc.



[image: Figure 8]
FIGURE 8. Composition of the valley doses in the case of arrays of 600 μm witdth and 3,500 μm ctc carbon (left) and neon (right). The beam energy is 700 MeV/u in the upper row and 1,000 MeV/u in the lower row.


PVDR values for Carbon and Ne MBRT are a factor 2 or higher than in the case of protons, with Ne ions offering the highest PVDR at the entrance (See Figure 9). Figure 10 showing how the peak and valley doses vary as a function of the ion and beam energy (same number of primary particle simulates) illustrates why the PVDR decreases with beam energy in the first centimeters.


[image: Figure 9]
FIGURE 9. (Left) PVDR values for Carbons minibeams of 600 μm witdth and 3,500 μm ctc. (Right) PVDR for Neons minibeams of 600 μm witdth and 3,500 μm ctc.



[image: Figure 10]
FIGURE 10. Left: Peak and valley doses in depth and distribution of secondaries for arrays of 600 μm width and 3,500 μm carbon (up) and neon (down) minibeams. The beam energies are 700 MeV/u in the left column and 1,000 MeV/u in the right column.


Finally, to illustrate a possible patient's scenario, we have evaluated the dose distribution in an anonymized human head anatomy. We have simulated an irradiation with 1,000 MeV/u proton MBRT. The beam width and ctc were 600 and 3,500 μm, respectively (See Figure 11). The depth dose curve shows that the dose deposition in the peak regions is almost constant in depth. The spatial fractionation can be maintained at all depths.


[image: Figure 11]
FIGURE 11. Dose distributions in an anonymized human patient irradiated with 1,000 MeV/u proton MBRT (600 μm width and 3,500 μm ctc). Two-dimensional dose distributions, PDD, and lateral dose profiles at different depths are shown on the left, middle, and right, respectively.





4. DISCUSSION

Radiotherapy, despite being in the forefront of cancer treatments, continues to be limited by the tolerances of normal tissues. Different strategies based on distinct dose delivery methods, such as SFRT or FLASH therapy [32], offer promise to overcome that limitation. This would allow widening the therapeutic window for radioresistant tumors or pediatric cancers.

SFRT has been mainly explored with photons, both with medical LINACs [2] and at large synchrotrons [3]. The implementation at LINACs with MV photons suffers from important lateral scattering resulting in high valley doses, and a low flux, which results in the need of using large (around 1 cm2) beam sizes. On the other hand the beamtime at large synchrotrons is limited, and the penetration depth of the low-energy synchrotron x-rays provided is short. Charged particle SFRT has been proposed as a promising alternative [7] to fully profit from the advantages of the spatial fractionation of the dose. Among the main advantages, one can cite the possibility of achieving a homogenous dose coverage of the target with one unique array or the fact of having a negligible (or inexistent) dose deposition after the Bragg Peak. Biological experiments with clinically relevant energies have already shown the gain in normal tissue sparing provided by charged particles SFRT [10, 11, 18].

New accelerators, such as FAIR or Raon, will offer intense and high-energy beams (up to 10 Gev/u). The aim of this work was to investigate whether a further improvement in SFRT can be obtained by using those new beams. The rational was the possible benefit of the reduction of MSC for high energies. In addition, the use of higher beam energies (around 1 GeV/u) might enable theragnostic applications as the same beam can be used for treatment and online imaging. The ultrahigh dose rates that will be available would allow partnering FLASH and charged particle SFRT. This might allow using MBRT for moving targets like lung, today restricted due to possible blurring of the minibeam patterns due to respiratory motion.

Concerning protons, our study shows that energies slightly higher than the ones used in clinical practice (400 MeV) for protons offer very interesting features: an almost flat peak dose deposition in depth in the first centimeters and a rapid falloff after 7 cm depth for beams 1 mm wide (Figure 4). This could be of interest for a theragnostic treatment of brain tumors. Indeed a higher tumor-to-entrance ratio than with clinical energies could be obtained. Thanks to the rapid falloff after the first centimeters, the dose deposited in the contralateral hemisphere will be relatively low, and the existing beam could be used for image guidance. It should also be highlighted that energies up to 400 MeV could already be produced in some ion beam therapy centers. This energy leads to the highest PVDR values at shallow depths out of the three energies evaluated. Beam widths of 600μm combined with 700 or 1,000 MeV follow the same pattern just described. In all cases, an homogenization can be obtained at around 10 cm of depth with a ctc of 1,200 μm. For larger ctc distances, crossfiring, or interlacing several arrays could be used as a strategy to increase the valley dose in the tumor. One of the advantages of increasing the energy in proton minibeams is that the depth dose curve of each minibeam is flat in the first centimeters in comparison with that obtained with 100–200 MeV protons minibeams. This would result in a more favorable tumor to entrance dose ratio.

Higher PVDR are obtained with Carbon and Neon than with protons at all depths. The higher capacity of those ions to activate the immune system might compensate for those larger PVDR in the tumor with respect to protons. The PVDR are not significantly higher than the ones obtained in previous works with clinical relevant energies [15]. The secondary nuclear products represent a larger contribution to the valley doses than at currently clinically relevant energies [15].

Consequently, to increase the beam energy in proton SFRT seems to provide some advantages from dosimetric point of view, while in the case of heavier ions, such as carbon, no clear advantage could be extracted from this dosimetry evaluation other than a theragnostic use.

Indeed, 600 μm proton minibeams of 400 MeV lead to similar PVDR than C ions of 1 GeV/u in the phantom entrance (127 vs. 136 respectively), while a more homogeneous dose distribution could be obtained in the target. The valley doses will be less impacted by high-LET nuclear fragments contributions. Therefore, a further optimization in SFRT could be achieved by using high energy submillimetric proton beams. Biological experiments are needed to validate these results and they will be the subject of future experimental proposals at those new facilities.
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