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To start clinical trials with the first clinical treatment planning system supporting raster-scanned helium ion therapy, a comprehensive database of beam characteristics and parameters was required for treatment room-specific beam physics modeling at the Heidelberg Ion-Beam Therapy Center (HIT). At six different positions in the air gap along the beam axis, lateral beam profiles were systematically measured for 14 initial beam energies covering the full range of available energies at HIT. The 2D-array of liquid-filled ionization chambers OCTAVIUS from PTW was irradiated by a pencil beam focused at the central axis. With a full geometric representation of HIT’s monitoring chambers and beamline elements in FLUKA, our Monte Carlo beam model matches the measured lateral beam profiles. A second set of measurements with the detector placed in a water tank was used to validate the adjustments of the initial beam parameters assumed in the FLUKA simulation. With a deviation between simulated and measured profiles below ±0.8 mm for all investigated beam energies, the simulated profiles build part of the database for the first clinical treatment planning system for helium ions. The evolution of beamwidth was also compared to similar simulations of the clinically available proton and carbon beam. This allows a choice of treatment modality based on quantitative estimates of the physical beam properties. Finally, we investigated the influence of beamwidth variation on patient treatment plans in order to estimate the relevance and necessary precision limits for lateral beam width models.
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1 INTRODUCTION
Lyman and Howard measured the first helium Bragg peaks to use in radiotherapy in the 1970s [1]. Between 1975 and 1992, over 2000 patients received helium ion radiotherapy at the Lawrence Berkeley National Laboratory (LBNL) [2–6]. However, the treatment with helium ions was discontinued in the early 1990s, when the Bevatron and 184-inch-synchrocyclotron were dismantled.
At the Heidelberg Ion-Beam Therapy Center (HIT), protons, helium, carbon, and oxygen ions are accelerated and delivered with active beam scanning [7] for radiotherapeutic and research purposes since 2009. To this day, only protons and carbon ions are in regular clinical use. However, with the work presented in this study the first clinical application of helium ion beams was possible this year.
The treatment planning system (TPS) previously used (syngo® PT Treatment, Siemens AG, Erlangen, Germany) had only been commissioned for carbon ion and proton treatment. Therefore, we supported the beam physics modeling within the first commercial TPS (RayStation, RaySearch Laboratories, Stockholm, Sweden [8]) supporting helium ion irradiation through the creation of a database comprising beam-specific parameters and characteristics based on measurements or simulations.
A general attempt at gathering facility-specific helium beam properties at HIT had been made by Tessonnier et al. [9–12] by establishing a Monte Carlo (MC) framework for recalculating irradiation plans with FLUKA [13, 14]. However, the agreement between measurement and simulations showed limitations for fields with high initial beam energies [10], calling for a more precise estimation of secondary particle production in medium. Since then, new charge- and mass-changing cross-sections in the energy region between 70–220 MeV/u have been determined experimentally [15] and updated in FLUKA. At HIT, attempts of measuring the secondary particles produced by helium ions have been made [16]. Additional characterization of the double differential nuclear reaction cross-section for helium in the therapeutically relevant energy range could further improve dose estimation in beam entrance and fragmentation tail [17]. The implementation of this newly available data calls for revalidation of the beam properties in our MC framework.
Helium ions exhibit physical and biological properties that are moderate between protons and carbon ions. In contrast, carbon ions feature a very sharp lateral penumbra, a sharp peak in the depth dose distribution, and a high linear energy transfer (LET) compared to helium ions and protons. However, their produced secondary particles result in a more significant fragmentation tail. Proton Bragg peaks, on the other hand, exhibit a smaller peak-to-plateau ratio than helium ions. Both, carbon ions and protons, have distinct strengths and weaknesses in the context of clinical practice, as nicely summarized in review papers [18, 19]. Thus, helium ions can bridge the gap in achievable dose conformality and LET between proton and carbon ion beams.
Similar to the HIT carbon ion commissioning [20–23], the set of data gathered for beam physics modeling in the RayStation TPS included laterally integrated depth dose curves (iDDDs), calibration of absolute dose per particle, and particle spectra [24]. However, while the collection of depth dose curves and absolute calibrations of helium ion dose was updated with respect to previous publications, lateral profiles in the air gap between the last beamline element and phantom had never been thoroughly investigated for raster-scanned helium ion beams.
Schardt et al. reported in [25] how beamline materials and the airgap affect the beam widths of proton and carbon ions. On the one hand, carbon ions are relatively heavy, and the beam broadening in air is primarily independent of the initial beam energy. The broadening of proton beams, on the other hand, is much more considerable than for carbon of any energy, and it depends heavily on the initial beam energy. The same multiple scattering processes apply to helium ions. While the resulting broadening of beamwidth could be estimated analytically via the Highland approximation [26, 27], this approach would neglect large angle scattering and the dose contribution of secondary hadron production in the beamline. Analytical calculations of beam broadening by multiple scattering via Molière-theory [28–30] would be quite time-intensive and would still neglect the beam shape specific to the HIT beamline. Moreover, no knowledge of the actual beam shape in air could be gained. Würl et al. [31] showed for protons that the beam shape in air impacts the dose distribution in the patient as well.
Therefore, precise knowledge of the profiles in the air between the vacuum exit and the patient should improve the prediction of the beam shape at the surface entrance point of a phantom or patient. As the lateral dose distribution in this airgap has not been investigated for actively scanned helium beams before, this work quantifies the evolution of the beamwidth and its impact on treatment planning.
Measured beam profiles in air provide the starting beam parameters in vacuum for our MC physical beam model. The MC model then provides particle spectra and lateral dose distributions as base data to the clinical TPS in addition to measured iDDDs. The TPS then parameterizes the beam profile at the surface entrance point of the patient and propagates the dose based on analytical dose models. Apart from clinical use of the TPS, the MC beam model with all validated beam parameters can support further experimental studies at HIT.
This work reports on the creation of the database of lateral dose profiles specific to the HIT beamline for the first commercial TPS for helium ions. The lateral profiles of single-spot pencil beams are measured in the air gap between the last element of the beamline and patient, as well as inside a water tank. As not all profiles of the 255 available beam energies can be measured, an MC beam model is created, and a database of the lateral beam profiles is simulated in FLUKA.
Furthermore, the beam profiles of helium are compared to those of carbon and proton beams. Lastly, the impact of deviations in the beam profile on dose distributions in patients is studied, and possible applications of the gained knowledge are discussed.
2 MATERIALS AND METHOD
2.1 Helium Ions at Heidelberg Ion Beam Therapy-Center
The HIT is a synchrotron-based particle therapy center with two horizontal treatment rooms and a gantry. Three ion sources enable the acceleration of protons (1H), helium (4He), carbon (12C), and oxygen (16O) ions. Since 2009, patients have been treated daily with proton and carbon ion beams. The synchrotron accelerates helium ions to 255 discrete energies between 50.57 MeV/u and 220.51 MeV/u, corresponding to ranges of approximately 2.1 and 30.8 cm in water without any beam modifiers. Bunches of primary ions are extracted from the synchrotron by the so-called beam scraper using slow knockout extraction [32, 33] and sent to the individual treatment rooms. Scanning magnets bend the beam across the treated volume, which results in a virtual source-axis-distance of approximately 7 m in the horizontal rooms and about 43 m in the gantry.
Before entering each patient treatment room, the beam passes through a monitoring system (BAMS) consisting of three ionization chambers and two multi-wire proportional chambers, as described by Tessonnier et al. [9]. Behind the BAMS chambers, additional beam modifiers can be inserted into the beamline at positions indicated in Figure 1. A 3 mm ripple filter (RiFi3mm) [34] spreads out the individual Bragg peaks to about 2–3 mm and reduces the range by the same length. The insertion of the ripple filter allows a tumor volume to be irradiated faster, as homogeneity in depths can be achieved using only every third available beam energy. A PMMA range shifter of approximately 2 cm water equivalent thickness allows the irradiation of very superficial tumors. It can be placed anywhere between the beamline exit and the room’s isocenter.
[image: Figure 1]FIGURE 1 | Experimental setup schematic for measurements and simulation. The upper half shows the beamline with monitor system (BAMS) and ripple filter (RiFi3mm) and the positions at which measurements were performed with the OCTAVIUS phantom in air. The lower half of the sketch shows the position of the water tank relative to the isocenter marked by the red coordinate system. A yellow curve sketches the assumed evolution of the beamwidth. The beamline to isocenter distance is 100 cm in the horizontal treatment rooms. At the gantry, this distance is reduced to 80 cm. The allowed positions for the range shifter (RaShi) are continuous between −85 and −2 cm for the horizontal treatment room and between −38.5 and −2 cm for the gantry.
Each irradiation requires a control file including desired beam energies, beam positions, discrete nominal beamwidths and particle intensity chosen from the accelerator library (LIBC). This so-called irradiation plan also includes the gantry angle and detector or patient table position.
While the beam position (spot) can theoretically be any continuous position in the x,y-plane at the room’s isocenter, in practice at HIT, spots are placed on a cartesian or hexagonal grid with fixed spacing to compensate for variations in beamwidth caused by the synchrotron and beamline. The nominal beamwidth is defined as the full width at half maximum (FWHM) in the treatment room’s isocenter without any beam modifiers placed in the room. The methodology of creating the accelerator library has been described before [12]. The LIBC contains four discrete nominal beamwidths for each beam energy. Within each discrete configuration, the total beamwidth decreases with increasing beam energy. For treatment planning, a relatively stable spot size over the whole energy range is desired to achieve a homogeneous dose with a fixed spot spacing. Following the results of Parodi et al. [20], beamwidths at least three times larger than the spot spacing still assure homogeneity of the treatment fields. This assumption was made during the first trials for raster scanning ion beams [7, 35]. Thus, for a proposed spot spacing of approximately 2 mm, the beamwidth must be at least 6 mm to achieve a robust homogeneity against beamwidth variation. As the smallest available nominal beamwidth is smaller than this threshold for energies larger than 167 MeV/u, the second nominal beamwidth setting is used for higher energies.
2.2 Measurements with Octavius Phantom
To measure the lateral profiles in air, we positioned a 2D-ionization chamber array (OCTAVIUS 1000 SRS, SN000308, PTW Freiburg) perpendicular to the central beam axis at six positions along the beam axis. Relative to the treatment room’s isocenter, the reference point of the detector was positioned at −85, −50, −25, −12, 0 and 12 cm, where “-” denotes any upstream positions. In Figure 1, the measurement positions relative to the isocenter are depicted by grey squares.
The OCTAVIUS 1000 SRS consists of 977 liquid-filled ionization chambers with a sensitive volume of 3 mm³ in a cartesian grid of 2.5 mm spacing in a central area of (5.5 × 5.5) cm2. At the outer edges the ionization chambers are spaced twice as far apart.
With a dynamic measurement range from 0.2 to 36 Gy/min, the OCTAVIUS chamber array allowed a 0.1 mGy resolution in absolute dose measurement, with a relative uncertainty of [image: image] local dose, according to the manufacturer.
For each measurement position and tabulated beamwidth, we obtained the lateral dose distributions for 14 initial beam energies distributed over the entire available energy range by irradiating the detector with approximately 10⁹ helium ions on the central beam axis. The particle intensity was adjusted for each energy to ensure dose deposition rates within the measurement range.
At the isocenter, we irradiated the same spots without the ripple filter inserted into the beam, allowing for comparison to the accelerator specifications.
Following the same protocol, we measured lateral dose distributions in the gantry at a 90° rotation angle.
2.3 Monte Carlo Simulation
Our simulation of the lateral profiles was based on the MC code FLUKA [13, 14] with the implementation of BAMS and RiFi3mm reported in previous works [9, 10, 21]. All physical interactions were simulated in FLUKA with the HADROTHERAPY defaults. We assumed that delta electrons are not transported by switching off delta ray production. Additionally, we reduced the step size for charged hadrons and muons to 0.02 of the kinetic energy. The evaporation model for heavy fragments and coalescence mechanism was activated as well. All simulations ran with the physics models of the currently available FLUKA version.
The beam was assumed to be non-divergent before leaving the vacuum window of the beamline. For each discrete beam setting of the accelerator, the simulation required three beam parameters: initial beam energy in vacuum, initial Gaussian momentum dispersion, and the Gaussian width of the beam’s initial lateral fluence profile. The initial beam energy was assumed to be identical to the nominal beam energy. Following previous works [9], we manually modified the initial momentum spread until simulated depth dose curves matched the commissioning measurements in shape and peak width. With the ripple filter removed from the simulated beamline, we iteratively optimized the initial Gaussian fluence profile to reproduce the nominal beamwidth at the isocenter. Some fine-tuning of the initial parameters regarding those used in previous works [11] was necessary for the updated FLUKA version (2021.1).
Once we found the optimal initial beamwidth, the profiles at all six detector positions were simulated with the ripple filter in place as follows: The simulated geometry included a detailed representation of BAMS and additional beam modifiers. For the profiles in air, a thin disk of water ([image: image]), at the detector position relative to the beamline, represented the detector. Within this disk, we scored the dose profile D(r) in cylindrical coordinates summing over the azimuthal angle in increments of [image: image]. For each setting, the dose distribution was averaged over 10⁸ primary helium ions initiated in the simulation.
2.4 Evaluation and Comparison of Profiles
From the 2D dose array of the OCTAVIUS, we extracted the central x- and y-profiles and diagonal profiles. These four profiles were fitted with a Gaussian to determine the beam center and normalization. If necessary, a shift and normalization to the maximal dose were applied to overcome lateral positioning uncertainties.
Previous simulations for protons and carbon ions assumed the lateral beamwidth [image: image] could be parametrized by the depth-dependent spread due to scattering and the inherent beamwidth in vacuum [image: image]. Whereas the depth-dependent width can be further split into the constant contribution of the beam modifiers (BAMS and RiFi3mm) and the contribution of the air gap:
[image: image]
At the isocenter ([image: image]), the total beamwidth without ripple filter should per definition be identical to the nominal beam width [image: image]. Since the measurable beam width is subject to daily variations, a scaling factor [image: image] is introduced for the measurements. Although the contribution of air gap and beam modifiers should be constant, we assumed that the factor equally applies to both sides of the equation. This factor scales the measured profile to the nominal [image: image] of the accelerator library that the simulation was set up to reproduce.
[image: image]
The shape of measurable horizontal profiles is influenced by the slow knockout-extraction from the synchrotron [32]. Thus, only the beam width from the vertical y-profiles measured without ripple filter at the isocenter was considered in calculating the scaling factor.
After scaling the profiles measured with ripple filter by [image: image], the beamwidth of scaled, measured profiles should thus be reproduced by the simulated profiles. The simulated and scaled, measured profiles were plotted directly against each other to determine whether the beam shape was sufficiently reproduced. The absolute beam widths (FWHM) were extracted by calculating the width at half of the maximum dose. We reported the average of the four extracted profiles for measured beam widths to even out deviations from axial symmetry. The extracted widths were then analyzed and compared in dependency on the position along the beam axis and initial energy.
2.5 Impact of Beam Width Variation on Patient Treatment
We investigated the effect of the beamwidth at the surface entry point on a treatment plan optimized with RayStation 10 A. A clinical-like treatment plan for helium therapy was generated using multi-field optimization on a patient data set representative for meningioma treatment. For simplicity, we chose beam angles of 0° and 270° and placed the isocenter in the center of the treatment volume. The biological dose optimization was based on the modified microdosimetric-kinetic model (mMKM) with an α/β-ratio of 2 Gy [24].
Then, we varied the beamwidth of the individual pencil beams in air close to the patient entrance point by approximately [image: image] for the same plan to investigate the impact on the irradiated field and organs at risk. The dose distributions produced with varied beam width were forward calculated in the TPS.
From the recalculated plans, we extracted lateral profiles of biological and physical dose in the entrance channel of each beam and diagonally through the clinical target volume (CTV). The profiles extracted from the patient plan were compared and analyzed for differences in the penumbra (lateral distance between 20% and 80% of maximum dose) among the three scenarios. Additionally, we analyzed the dose-volume histograms (DVH) of the target volume (CTV around meningioma) and three neighboring organs at risk (OAR), namely the left parotid gland, right optical nerve and the brain stem.
3 RESULTS
3.1 Beam Profiles
The beamwidth at FWHM at the isocenter is reproduced by the simulations as shown in Figure 2 and Table 1. The nominal accelerator beamwidth is reproduced within 4% when the ripple filter is removed from the beamline. The beam widening by the ripple filter is also reproduced in the simulations, as the dark blue line in Figure 2 shows. The scaled measurements agree well with the beamwidth extracted from simulated profiles for the beam with the ripple filter in place. The standard deviation of the scaled measured FWHM extracted from the four measured lateral profiles (horizontal, vertical and diagonal) is approximately 0.2 mm or 2% for each position and energy.
[image: Figure 2]FIGURE 2 | The lateral beam width (FWHM) at the isocenter of the horizontal treatment room. Comparison between measurement (triangles) and simulation (solid lines) with and without ripple filter. For clinical application, the ripple filter is inserted into the beamline. The measurements were scaled to reproduce the nominal accelerator settings when the ripple filter is not used. Between the measured energies, the beam width is interpolated linearly. At nominal beam energy of 167 MeV/u, the beam width jumps to the next higher tabulated focus to fulfill the >6 mm requirement. The measured FWHM has a standard deviation of approximately 0.2 mm at the isocenter.
TABLE 1 | Lateral Widths (FWHM) of the lateral dose profile of a helium beam at the isocenter (z = 0 cm) without ripple filter as extracted from the simulated profiles in FLUKA and scaled profiles measured with the OCTAVIUS detector. Range (R80) and initial beam energy (E) of the unmodified beam and nominal width are also provided in addition to the absolute and relative deviation (ΔFWHM) between measured and simulated profiles.
[image: Table 1]Figure 3 shows the shape of lateral profiles at all measured positions for the helium beam with an initial energy of 107.93 MeV/u (158.08 MeV/u). This energy corresponds to a range of approximately 8.8 cm (17.3 cm) in water after passing the beamline and ripple filter. Triangles depict the measured profile. The simulated profiles are scaled to their maximum and shown as a blue line. While the nominal beamwidth without ripple filter is 8.9 mm (6.3 mm) at the isocenter, the measurement yields an average width of 8.8 mm (6.3 mm). The simulation produces a width of 9.2 mm (6.5 mm). With the ripple filter, the average measured beam width is 10.3 mm (7.2 mm) after scaling, and the simulated profile has a beamwidth of 10.5 mm (7.4 mm) at the isocenter. So, the ripple filter broadens the beam of this specific energy by approximately 1.4 mm (0.9 mm). For other investigated beam energies, the extracted profiles with ripple filter are provided in Table 2.
[image: Figure 3]FIGURE 3 | Lateral beam profiles in air of the 107.93 MeV/u, 158.08MeV/u, and 220.51 MeV/u helium beam as simulated in FLUKA (solid blue line) and measured (orange triangles). The detector position relative to the treatment room’s isocenter is indicated on the right of each row. Measured data contains datapoints from the four prominent profiles with an estimated uncertainty of at least 0.5% or 1 mGy for the local dose deposition. This uncertainty corresponds to four orders of magnitude lower than the local dose maximum in each profile.
TABLE 2 | Lateral beamwidth (FWHM) of the helium beam with ripple filter (RiFi3mm) at measured positions z in the airgap behind the last beamline component. Dose profiles were either measured with the OCTAVIUS phantom and scaled by the daily deviation of the unmodified beam from nominal beam width or simulated with FLUKA as the dose to water in a thin slice at the corresponding position in the treatment room. The standard deviation of measured lateral beamwidth for each position is approximately 0.2 mm for each position and energy. The profiles corresponding to the initial beam energies E, highlighted in italics, are plotted in Figure 3.
[image: Table 2]3.2 Effect of Beam Width Variation on Patient Treatment
In Figure 4, we show the effects of beamwidth variation on the dose distribution produced by a patient treatment plan. In the top panel (A), a selected slice of the patient CT with overlaid dose distribution is depicted for the original case, reduced and increased beam width from left to right. Dose profiles were extracted at the entrance of each of the two treatment fields, indicated by the purple (superior field) and orange (left field) line in panel (A). These dose profiles show a variation in the penumbra (distance between 20% and 80% of local dose maximum) between [image: image] in the lateral field impinging from the left and [image: image] for the field superiorly impinging as plotted in panel (B). The profile extracted diagonally through the target volume is indicated as a green line; the contributions of the individual fields are plotted separately in the bottom graph of panel (B). The differences in dose distribution are non-significant, with only slight deviations even in the dose-volume-histogram (panel (C)) of Figure 4C. The dose received by >98% of the clinical target volume varies by + 0.8% and −1.2%. And the [image: image] varies by +0.8% and −0.9%. Organs at risk in lateral proximity to tumor and beam path are the brainstem, left parotid gland, and the right optic nerve. The highest dose received by <2% of the brainstem is [image: image], while less than 2% of the left parotid gland (delineated in bright orange) receive a high dose of [image: image]. In the right optic nerve, [image: image] is [image: image].
[image: Figure 4]FIGURE 4 | Comparison of a patient treatment plan with a change of ∓10% in beamwidth. Panel (A) shows screenshots of the dose distribution in the TPS with lines marked for profile extraction. Panel (B) depicts the extracted profiles in units of biologically equivalent dose (Gy (RBE)) and absorbed dose (Gy). From top to bottom, the entrance profile of the superior treatment field (i), the entrance profile of the lateral treatment field (ii), and a profile through the target volume (iii) are drawn. Panel (C) shows the dose-volume histograms for the clinical target volume (CTV) and critical organs (parotid gland, optic nerve, and brain stem) obtained from the three scenarios. In panels (B) and (C), solid lines represent data of the original plan, dotted lines depict the data with reduced beamwidth, and dash-dotted lines represent the increased beamwidth.
4. DISCUSSION
4.1 Beamwidth in Air
The measured lateral profiles without ripple filter showed deviations from the nominal beam width (i.e., FWHM) at the isocenter of about 5%, which agrees with the standard deviation of the four averaged profiles.
Scaling the measured profiles with the daily deviation factor to nominal settings resulted in an agreement within ±0.8 mm between simulation and measurement in air.
For positions close to the beamline, the deviation between measured and simulated profiles was the largest. Scaling the measured data with the nominal beam width at the isocenter, as described in Section 2.4, improved the match between simulation and measurement for all positions.
As a variation of the beamwidth at the isocentre between ±15% is occasionally observed in daily quality assurance measurements, the reproduction of nominal settings and measured beam widths by the simulation is very well achieved. Thus, the simulated profiles are validated to become a critical component of the base data for the clinical TPS.
The enlarged deviation close to the beamline could originate from secondaries produced by high Z components in the beamline, as interaction cross-sections for these might not be known accurately enough in FLUKA for these materials [17]. Another contribution could originate from beam optics that were not considered in the FLUKA simulation. Further investigations have been made regarding deviations in shape.
4.2 Beam Shape
A systematic deviation in the order of [image: image] is well visible in the profiles obtained at position “-85 cm”. The measured profiles seem to have a second Gaussian envelope, which the simulation does not fully reproduce. Two solutions would be possible: An improvement in the geometric representation of the high Z material in the beamline in FLUKA or the correction of the initial beam shape in vacuum. Introducing a double Gaussian (DG) beam shape in vacuum instead of the single Gaussian (SG) approach used for the database improved the match between simulated and measured lateral beam profiles. The estimated parameters for the double Gaussian were approximately equal to the weighted sum of the original single Gaussian with a 6.5-8.0% contribution of a second Gaussian. The second Gaussian had an FWHM between 2 and 4 times the FWHM of the first Gaussian. With the double Gaussian approach matched to isocentric measurement, the shape deviations at other measurement positions in air were reduced, as shown for the same three energies in Figure 5. For further investigation in water, we used a dedicated water tank provided by PTB (Physikalisch-Technische Bundesanstalt, Braunschweig, Germany). This water tank includes a motorized PMMA-sleeve for detector accommodation. With the entrance window placed at the isocenter of the treatment room, profiles at about five positions around the maximum dose of each investigated energy were measured for each investigated beam. MC scoring of the lateral dose distribution in water was obtained in a water cylinder ([image: image] behind the isocenter summing over the azimuthal angle. Figure 6 shows that the double gaussian approach improves the agreement between simulations and measurements even in water.
[image: Figure 5]FIGURE 5 | Lateral beam profiles in air for helium beams with initial beam energies of 107.93 MeV/u, 158.08 MeV/u, and 220.51 MeV/u. The solid blue line shows the simulated profiles with a single Gaussian (SG) in vacuum. Orange triangles depict profiles obtained from the OCTAVIUS chamber array at indicated depth z. The grey line shows the profiles obtained from simulation with a double Gaussian (DG) beam profile in vacuum. Positions at which the detector was placed relative to the treatment room’s isocenter are indicated on the right of each row.
[image: Figure 6]FIGURE 6 | Lateral beam profiles in water for helium beams with initial beam energies of 107.93 MeV/u, 158.08 MeV/u, and 220.51 MeV/u. The solid blue line shows the simulated profiles with a single Gaussian (SG) in vacuum. Orange triangles depict profiles obtained from the OCTAVIUS chamber array at indicated depth z. The grey line shows the profiles obtained from simulation with a double Gaussian (DG) beam profile in vacuum. Detector positions are given relative to the distal 80% range of the depicted beam.
4.3 Comparison to Other Ions
To compare the width evolution of the three available ions, the beamwidth is plotted against the detector positions for three beam energies of comparables ranges (approx. 8.8 cm in water) in Figure 7. The beam is simulated as a single Gaussian profile in vacuum, with the FWHM being 5.55 mm (6.17 mm, 4.95 mm) for helium (protons and carbon ions), corresponding to the smallest clinical beamwidth.
[image: Figure 7]FIGURE 7 | Depth dependency of the beam width (FWHM) in air for three therapeutically available ions. The initial beamwidth in vacuum was chosen to reproduce the nominal accelerator settings at z = 0 cm when the RiFi is not inserted.
While the carbon beam shows minor widening in the air gap (39% increase from −85 cm to +25 cm), the proton width increases by 228%. The helium beamwidth increases by 204% in the same air distance. Between vacuum and isocenter, the beamwidth increases by 29% for carbon ions, 90% for helium ions, and 144% for protons.
4.4 Patient Case
With the variation of the beamwidth by ∓10% FWHM, the differences in field profiles and DVH are minor, as depicted in Figure 4. This observation is in line with the clinical intervention limits of +25% and −15% deviation from tabulated widths. Thus, we have shown for this specific case that variations up to approximately 10% in the beamwidths do not critically impact dose conformity and lateral organs at risk.
To further exploit the fact that the beamwidth is much smaller with reduced air gap and the lateral profiles’ implementation into the TPS, we performed a second patient plan investigation positioning the patient much closer to the beam exit and reducing the air gap. At MedAustron in Wiener Neustadt, Austria, a similar approach of non-isocentric treatment planning has already been commissioned for protons [36, 37].
This approach enables a dose reduction – in the organs at risk lateral to the treatment field – by decreasing the beamwidth at the patient entrance point. Figure 8 shows the differences in dose distribution for the same slice as Figure 4. In the right (contralateral) optic nerve, a reduction of [image: image] from 1.71 to 0.89 Gy (RBE) is achieved and the [image: image] in the left (ipsilateral) parotid gland can be reduced from 10.34 to 7.71Gy (RBE). In the brain stem the [image: image] could be reduced by 31% from 2.94 to 2.04 Gy (RBE), whereas the target coverage remains the same. The maximum dose received by the three OARs remains approximately unchanged. There is no visible change in the DVH for the CTV in panel (C), which is expected since the plan was reoptimized for the reduced air gap.
[image: Figure 8]FIGURE 8 | A study of non-isocentric treatment planning. Panel (A) shows the dose distribution of a “standard” treatment plan with the room’s isocenter in the target volume. With the same beam angles, another treatment plan was optimized with the patient placed as close as possible to the treatment nozzle, reducing the air gap to about 20 cm (B). The dose-volume-histogram in panel (C) shows a significant dose reduction in the organs at risk (ipsilateral parotid gland, contralateral optic nerve, and brainstem). The absolute dose difference is shown in panel (D).
5 CONCLUSION AND OUTLOOK
In summary, our accurate simulation and measurement of beam profiles in air along the beam path led to a more precise TPS beam model which has been applied for the first patient irradiation with helium ions at HIT.
While other groups have investigated the effect of airgaps in a phantom [16], we can now provide a precise representation of the beam characteristics between beamline exit and entering any patient or phantom. The commercial TPS and any experimental investigations rely on energy and setting-specific MC beam model to calculate dose and particle distributions in phantoms placed downstream of the beamline exit.
In principle, the gained knowledge affords greater freedom in patient positioning along the beam axis. Since the helium beam broadens in air, not as much as protons but significantly more than the carbon beam, a reduced air gap would be favorable if critical organs are in lateral proximity to the beam axis. However, routine non-isocentric treatment planning would require a patient positioning and alignment system that is as precise close to the beam exit as it is in the treatment room’s isocenter.
As expected, the broadening of the helium ion beam is intermediate between that of protons and carbon ions. With a complete representation of all available beam energies in the FLUKA simulation framework, we were able to quantify the broadening and directly compare available beamwidths for specific ranges and positions along the beam axis.
Regarding the good results while looking at the scenario of beamwidth variation in Section 3.2, the clinical approach to ensure a good field homogeneity with a spot spacing smaller than 1/3 width of the unmodified beam seems sufficient for helium ions and agrees with previous studies for protons and carbon ions [20].
For even better accuracy of the TPS, non-Gaussian beam shapes in vacuum could be investigated further. Then, the asymmetric shapes created by the particle extraction from the accelerator could be accounted for. With the observed agreements between measurement and simulation in the setup at HIT, airgaps smaller than about 50 cm would most likely benefit from such a further investigation.
The beamwidth of the helium ion beam would reduce further if the ripple filter had been removed from the beamline. This would, however, require the measurement and simulation of an entire additional database with depth dose curves, lateral profiles, absolute dosimetry, and secondary particle spectra. The treatment time for each patient field would also increase.
Together with measured depth dose curves, the lateral dose distributions reported in this paper add another milestone in the development of the physical beam model for raster-scanned helium ions. With the MC model verified against measurements and particle spectra for biological equivalent dose calculation [24] simulated, the first clinical TPS for helium ions is finished. So, after the first clinical trials with helium ion beams at the LBNL observed positive outcomes, especially for patients with small tumors, such as uveal melanoma [2], we now have the means to restart helium ion therapy with raster scanning beam technology.
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NOMENCLATURE
BAMS active beam monitoring system consisting of three transmission ionization chambers and two multi-wire proportional chambers in the beamline downstream of the vacuum pipe
CTV clinical target volume
contralateral on the opposite side of a person’s body
[image: image] dose received by at least xx% of the volume
DVH dose volume histogram
FLUKA an MC code to simulate particle propagation through material
FWHM full width half maximum
iDDD laterally integrated depth dose distribution, typically integrated over radii matching the sensitive region of the used detector, or infinity.
ipsilateral on the same side of a person’s body
irradiation or treatment plan a set of beam angles and energy-specific particle intensity maps necessary to achieve the desired dose distribution in a patient or phantom
LIBC accelerator library containing nominal beam energies, beamwidths and intensity settings
MC Monte Carlo
mMKM modified microdosimetric-kinetic model
noRiFi no ripple filter in the beamline
OAR organ at risk
patient entrance point the point of the patient that is closest to the beamline at a given patient position
penumbra lateral fall-off in the dose distribution accumulated by all irradiated spots of an irradiated field, typically defined as the distance between 80 and 20% isodose line perpendicular to the beam direction.
PMMA Polymethylmethacrylate
PTB Physikalisch Technische Bundesanstalt
range (R80) distal point along the depth dose curve at which 80% of the maximal dose is reached
RaShi range shifter
RiFi3mm ripple filter
spot one point in the plane perpendicular to the beam axis aimed at by a single pencil beam of the raster scanning system
slice a slice in a CT scan refers to a two-dimensional plane extracted from a three-dimensional image volume
TPS treatment planning system
width FHWM of the lateral beam profile at any given point along the beam
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