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Purpose

To verify the practicality and safety of a treatment chair with six degrees of freedom (6DTC) through demonstrating the efficacy of the workflow in clinical settings and analyzing the obtained technical data, including intra-fraction patient movement during the use of the 6DTC.



Materials and Methods

A clinical study was designed and conducted to test the clinical treatment workflow and the safety of the 6DTC. Based on the demonstrated dosimetric advantages, fifteen patients with head and neck tumors were selected and treated with the 6DTC. The positional error at the first beam position (PE-B1) and the second beam position (PE-B2) were analyzed and compared with the results from daily quality assurance (QA) procedures of the 6DTC and imaging system performed each day before clinical treatment. The intra-fraction patient movement was derived from the total patient alignment positional error and the QA data based on a Gaussian distribution formulism.



Results

The QA results showed sub-millimeter mechanical accuracy of the 6DTC over the course of the clinical study. For 150 patient treatment fractions, the mean deviations between PE-B1 and PE-B2 were 0.13mm (SD 0.88mm), 0.25mm (SD 1.17mm), -0.57mm (SD 0.85mm), 0.02° (SD 0.35°), 0.00° (SD 0.37°), and -0.02° (SD 0.37°) in the x, y, z (translational), and u, v, w (rotational) directions, respectively. The calculated intra-fraction patient movement was -0.08mm (SD 0.56mm), 0.71mm (SD 1.12mm), -0.52mm (SD 0.84mm), 0.10° (SD 0.32°), 0.09° (SD 0.36°), and -0.04° (SD 0.36°) in the x, y, z, u, v, w directions, respectively.



Conclusions

The performance stability of the 6DTC was satisfactory. The position accuracy and intra-fraction patient movement in an upright posture with the 6DTC were verified and found adequate for clinical implementation.





Keywords: carbon-ion radiotherapy (C-ion RT), treatment chair, upright posture, intra-fraction movement, setup error



Introduction

Radiation therapy with proton or carbon-ion beams offers physical and biological advantages over x ray beams for many clinical indications (1, 2). An optimal ion beam plan can often be achieved with only two to four beam entry angles; either by rotating the beam delivery gantry, rotating the patient positioning table, or both. Selection of the angles is crucial for achieving the desired target dose coverage while minimizing the dose to the organs at risk (OARs). Most operating proton centers are equipped with one or more rotating gantries. Due to the high cost of carbon-ion beam gantries, however, carbon ion centers typically only have fixed direction beam lines (3). The flexibility of beam orientation for achieving optimal plans and treatments is naturally compromised when using fixed beam lines compared to rotating gantries. To overcome this disadvantage, a treatment chair with six degrees-of-freedom (6DTC) was designed, manufactured, and installed in Shanghai Proton and Heavy Ion Center (SPHIC) for use with a fixed beam line. The 6DTC consists of a 360°-rotating platform, a six-degree-of-freedom (6DOF) hexapod platform, an XYZ-translation platform, and a seat with an adjustable height carbon fiber head and shoulder fixation interface plate (4). Before the clinical study with patients commenced, a series of measurements to test the performance of the 6DTC showed that it had met the requirements for clinical applications (5).

Due to the high geometrical and physical definition of ion beams, patient localization and position correction are essential. This is especially so for the treatment of head and neck cancers given the complexity of the anatomy and the proximity of tumors to critical organs (6, 7). In most modern ion beam therapy facilities, image-guided radiotherapy (IGRT) systems with orthogonal kV images or cone beam CT (CBCT) are used to obtain position correction vectors for patient alignment. Treatments with patients in a lying posture are most commonly used in radiation therapy and there have been many reports of that clinical experience including setup accuracy and intra-fraction patient movement (8–13). On the other hand, there have been only a few studies that reported on the experience of radiation treatments using an upright posture, either with x ray or ion beams (14–21). To the best of our knowledge, beside a preliminary study of intra-faction movement in seated posture by films in 1980s (22), neither the clinical workflow nor the intra-fraction patient movement of the treatment with patients in an upright posture on a chair has been reported after the advent of image guidance.

A clinical trial to verify the practicality and safety of the 6DTC was designed and conducted at SPHIC. The results presented herein demonstrate the efficacy of the workflow for the clinical implementation of the 6DTC. Furthermore, the obtained technical data, including the intra-fraction patient movement, have not only confirmed the adequate accuracy of the 6DTC for clinical applications, but also provided the direction for future improvements of the 6DTC.



Materials and Methods

For the clinical implementation of the 6DTC, two sets of policies and procedures were developed: first for technical quality assurance (QA) to assure the accuracy and mechanical performance of the chair, and second for the clinical workflow from simulation through planning, patient alignment, and treatment delivery.


Daily QA of the 6DTC With Rigid Phantom

An anthropomorphic head phantom (PBU-60, KYOTO KAGAKU, Japan) was used for performing the daily QA of the 6DTC before clinical treatment every day. The daily QA procedure was described in detail previously (5). In brief, a random setup error was manually introduced when positioning the head phantom on the chair at the pre-treatment position which was also the setup position. The positional error at the pre-treatment position (PE-P) was obtained by comparing a first pair of orthogonal kV x-ray images with digitally reconstructed radiographs (DRRs) generated from the planning CT images. The 6DTC was subsequently rotated to the treatment position as provided in the treatment plan without applying the correction vector of PE-P, followed by a second pair of KV images to obtain the positional error at the treatment position (PE-T). The correction vector of PE-T was applied, and a third pair of orthogonal kV x-ray images were acquired to obtain the residual positional error at the treatment position (RPE-T).

In essence, the daily QA executes a setup simulation with a head phantom. The purpose of the third pair of orthogonal kV x-ray images is to confirm the final alignment accuracy after the corrections have been applied. The residual positional errors determine whether the performance integrity of the chair is acceptable to proceed with its clinical usage each day.

In this paper, the daily QA data was acquired on each of the 91 treatment days over a period of nine months were recorded. The deviations between PE-P and PE-T and between PE-T and RPE-T were analyzed to assess the performance stability of the chair.



Clinical Implementation

A clinical study was designed to evaluate the feasibility of the clinical implementation of the 6DTC. The structure of the study followed the 6DTC clinical treatment workflow as shown in Figure 1. The implementation of the 6DTC involves three basic steps described in the following subsections.




Figure 1 | The clinical treatment workflow for this clinical trial.




Immobilization and CT Simulation

Due to the design of the fixation equipment, the patient immobilization procedure was the same regardless of whether the posture during treatment would be lying or sitting. All patients were scanned in the lying position (23, 24). A low-density foam cradle attached to a head and shoulder fixation interface plate was used to immobilize each patient’s head, neck, and shoulders with a nine-pin commercial thermoplastic face mask. Planning CTs were acquired using a 1.5 mm slice thickness in helical mode and then transferred to the Syngo® treatment planning system (TPS) (V13B, Siemens, Germany). When the positioner type of “chair” was selected, the CT image set was re-orientated automatically by the TPS to change the patient posture from lying to sitting. The patient’s internal anatomy was assumed to remain rigid during the re-orientation.



Treatment Planning and Selection of Treatment Technique

Two types of treatment plans were generated for each patient; one using the treatment table and one using the chair. The planning objectives were to cover at least 95% of clinical target volume (CTV) with 95% of the prescription dose and to minimize the dose to the OARs using two to three beam entry angles. Since the lack of robust planning technique in Syngo, planning target volume (PTV) was added depending on individual factor such as beam angle chosen and was ranged from 3-5mm (23, 25). CTV coverage and OARs dose were compared for the two types of plans. Patients were selected for the treatment with 6DTC only if the chair plan fulfilled three eligibility criteria: superiority in sparing the OARs, comparable target coverage, and without increasing the penetration uncertainty. Patients with CTV lower than the head were excluded.



Alignment and Treatment

For each fraction of treatment, the patient alignment was carried out as follows:

A Vac-lok cushion (CIVCO Radiotherapy, USA) was used to register the patient’s thigh and butt and a back cushion was used to support the back when setting up the patient on the chair (Figure 2). The patient’s head was immobilized with the customized thermoplastic mask and foam cradle. The patient was initially aligned with the room lasers at the pre-treatment position (with the 6DTC facing the nozzle), then rotated to the planned chair iso rotation angle of the first beam. A pair of orthogonal kV x-ray images were acquired and the registration of the kV images with the DRRs was performed with respect to the bony anatomy. The positional errors at the first beam position (PE-B1) (three translational shifts lateral xB1, longitudinal yB1, vertical zB1, and three rotational shift iso uB1, pitch vB1, roll wB1) were then recorded. The coordinate system follows the International Electrotechnical Commission (IEC) convention and was well illustrated by Sheng et al. (5) The patient position was then corrected by applying the PE-B1 to the 6DTC after which the planned beam was delivered. After finishing the irradiation of the first beam, the 6DTC was rotated to the planned chair iso rotation angle for the second beam. The second pair of orthogonal KV x-ray images were acquired and registered with the DRRs to obtain the positional errors for the second beam position (PE-B2) (three translational shifts xB2, yB2, zB2, and three rotational shift uB2, vB2, wB2). The 6DTC was then repositioned and the second beam delivered. The last procedure was repeated if there were more than two beams for the fraction of treatment. The treating physician was required to be present to review and approve the alignment procedures for each fraction of the treatment.




Figure 2 | The patient setup on the 6DTC.






Analysis of Position Accuracy

In a previous report, it was shown that under x-ray-based image guidance, the 6DTC could provide positional alignment with sub-millimeter accuracy with a rigid phantom in an upright posture (5). The sources of errors came from different components of the chair and the imaging system. When applied to clinical settings, however, an additional source of positioning error is present due to patient motion. This source should also be assessed and addressed.

In this clinical study, the chair and imaging related mechanical errors and the patient-specific intra-fraction position error were derived and evaluated. The measurements representing the composite effects from both sources of errors were identified, collected and analyzed. Specifically, the deviation between PE-T and PE-P representing the positional errors introduced by both the chair and the IGRT system (5) can be considered as a Gaussian distribution denoted as  . In this study,   was calculated from the daily QA data with the rigid phantom. In this study, the intra-fraction movement from patients was not directly assessed; rather, the net excursion from the final setup position of the first beam to the final setup position of the second beam was used as a presentation of patient-specific intra-fraction movement; this excursion can be considered as another independent Gaussian distribution, denoted as  . In the afore-described alignment procedure, the deviation between PE-B1 and PE-B2 was the composite or total positional errors introduced by the chair/IGRT system and the patient’s intra-fraction movement was denoted as  . It naturally follows that

 

 

 

where μi is the expectation of Gaussian distribution, and σi is the standard deviation.

The study was reviewed and approved by the Institutional Review Board (Approval No: 1812-29-04).




Results


Patient Accrual

15 patients were selected to receive treatments with the 6DTC based on the criteria mentioned above. The characteristics of these 15 patients are listed in Table 1.


Table 1 | Characteristics of patients.





Treatment Planning, Dosimetric Comparison and Selection of Treatment Technique

For each of the fifteen patients, the target received comparable coverages with the chair and table plans. The volumes of the CTV that received ≥95% of the prescription dose (V95) were 98.81% ± 1.45% (mean ± standard deviation) and 98.48% ± 2.14% for the chair plans and table plans respectively, i.e., no significant difference (p=0.334).

For the OARs, in the eight NPC patients, chair plans achieved a lower mean dose in both the bilateral parotids and cochleae. Specifically, the mean doses to the right parotid, left parotid, right cochlea and left cochlea were 28.5% ± 18.3%, 28.0 ± 21.0%, 26.6% ± 22.7%, and 32.9% ± 25.0% lower with the chair plans comparing with the table plans, respectively. (p=0.006, 0.002, 0.017, and 0.016, respectively.) Furthermore, chair plans could also decrease the mean dose to temporal lobes by 49% ± 27%, compared with table plans. (p=0.007)

In the two patients with tumors around the orbits, chair plans showed 50% to 100% lower mean dose to the contralateral eye globe. For the other five patients, the chair plans reduced the mean dose of the parotid and the cochlea by 4% to 26%.



Treatment Delivery


Daily QA of 6DTC With Rigid Phantom

On each day when at least one fraction of a chair treatment was scheduled, the daily QA of the 6DTC with a rigid phantom was performed.

The mean deviations between PE-T and PE-P were 0.21mm (SD 0.70mm), -0.49mm (SD 0.36mm), -0.02mm (SD 0.11mm), -0.08 (SD 0.13°), -0.09(SD 0.09°), and 0.02 (SD 0.08°) in the x, y, z, u, v, w directions, respectively.

The mean deviations between RPE-T and PE-T were 0.18mm (SD 0.23mm), -0.18mm (SD 0.18mm), 0.06mm (SD 0.12mm), 0.09° (SD 0.13°), 0.02°(SD 0.14°), and 0.01° (SD 0.09°) in the x, y, z, u, v, w directions, respectively.

The acceptance criteria for the deviation between PE-T and PE-P and between RPE-T and PE-T is within 1.5mm and 1.5°. If the deviation is out of tolerance, the daily QA must be repeated, and if the result still fails, the chair would need to be re-calibrated, especially for the rotation center of the 360°-rotating platform. Having performed the daily QA for the 91 fractions of treatments, only two of them failed, which were promptly restored after re-calibrating the rotation center.



Patient Alignment

For the fifteen patients selected for chair-treatment, a total of 150 fractions of treatments were delivered, with fourteen patients having two beam angles and one patient having three beam angles in each treatment fraction. The average treatment time from the patient sitting down on the chair to leaving the chair was 30 minutes (SD 7 minutes). The PE-B1 and PE-B2 were recorded and their deviations, defined as the total positional error were calculated. Figure 3 shows the mean deviations in all six degrees of freedom for each patient.




Figure 3 | The deviation between PE-B1 and PE-B2. The x-axis represents the fifteen individual patients; the y-axis represents the mean value of the deviation of the specific patient in 6 degrees of freedom. Error bars represent for the standard deviation.



The mean deviations between PE-B1 and PE-B2 for all patients were 0.13mm (SD 0.88mm), 0.25mm (SD 1.17mm), -0.57mm (SD 0.85mm), 0.02° (SD 0.35°), 0.00° (SD 0.37°), and -0.02° (SD 0.37°) in the x, y, z, u, v, w directions, respectively. Of the mean translational deviations between beams, 91.1% were within ±1.5mm, while all the mean deviations were within ±2mm except for the vertical value of one patient (No. 13). For rotational deviations, only one value exceeded 0.5°.

For each fraction, as shown in Table 2, the frequencies of deviation greater than 1 mm in the x, y, z, directions were 27.3%, 33.3%, and 26.7%, respectively. The frequencies of deviation greater than 1° in the u, v, w directions were 1.3%, 2.7%, and 2.0%, respectively. There were no deviations >4mm in the x and z translational directions and only 2 in the y direction. There were no deviations > 2° in any of the rotational directions. Note that these deviations were those present before the position correction was applied to the alignment for the second angle.


Table 2 | Frequency of deviation [%] between PE-B1 and PE-B2 by thresholds.





Intra-Fraction Movement

Based on the formula 1-3, the mean intra-fraction patient movements were calculated, which were -0.08mm (SD 0.56mm), 0.71mm (SD 1.12mm), -0.52mm (SD 0.84mm), 0.10° (SD 0.32°), 0.09° (SD 0.36°), and -0.04° (SD 0.36°) in the x, y, z, u, v, w directions, respectively (Figure 4).




Figure 4 | Intra-fraction patient movements. The x-axis represents the three translational directions and three rotational directions, while the y-axis represents the amplitude of the intra-fraction patient movements. The error bars represent the standard deviation.







Discussion

We have introduced a clinical treatment workflow for using the 6DTC to deliver particle treatment in an upright seated posture and presented our experience in a feasibility clinical study. During the course of this clinical study, a total of 320 head and neck patients received particle radiotherapy with the table and the 6DTC. Of these patients, 15 patients were selected to receive the treatment of the 6DTC. For other patients, due to no obvious benefit from the 6DTC, lying posture was chosen. Using our designed workflow, the immobilization procedures for upright treatment were designed to be the same as the lying treatment. If the advantage of the chair plan was observed, treatment in the upright posture can be easily achieved by transferring the alpha-cradle (with the bottom cut off) to the chair head/shoulder fixation interface plate. On the other hand, if no benefit was indicated, patients can go on to receive the treatment in lying posture without changing the immobilization device or undergoing planning CT simulation again.

The rotating gantries of particle therapy provide a wide range of beam entry orientations, and are therefore desirable for obtaining optimal plans and treatments. Notwithstanding, there are challenging issues, including inaccuracy of the iso-center due to its excessive weight and the instability of beam qualities when the beam nozzle rotates. Moyers et al. (26) reported the maximum iso-center shifts of 1.17 mm along the clockwise path and 1.26 mm along the counterclockwise path for proton rotating gantries. Kato et al. (27) also reported up to 1mm of deviation at iso-center in proton rotating gantries. With a markedly more massive carbon-ion gantry, one could only expect the worse, although no data have been reported. The initial intent of developing the 6DTC was to compensate for the lack of beam rotation with a fixed beam line. Our studies have shown that the mechanical accuracy of the 6DTC is comparable to the rotating gantries. Given its simplicity over the gantry, the improvement to further reduce errors will be logically easier to achieve with the chair. With the development of vertical CT (28), when equipped with a 6DTC, the fixed beam nozzle may become the preferred configuration for modern carbon-ion radiotherapy facilities.

Positional shifts of patients related totable rotation during treatments have been reported in several studies. Rosenfelder et al. (29) reported up to -0.8 ± 0.7 mm positional shifts in the longitudinal direction for noncoplanar beams in external beam radiotherapy. Sarkar et al. (30) reported an average shift of 0.6 ± 0.9mm in the lateral direction for noncoplanar beams in stereotactic radiotherapy (SRT) and stereotactic radiosurgery (SRS) using frameless setup. Lewis et al. (31) reported an average shift of 0.55 ± 0.43 mm in the lateral direction for noncoplanar beams in SRS. Overall, the shifts observed in this study are comparable to those found in these other studies. The position deviation between PE-B1 and PE-B2 is attributed to the positional errors introduced by both the chair and the patients’ intra-fraction patient movement. The maximum mean deviation in our study was -0.57 ± 0.85mm (z-direction). The maximum combined translational and rotational shifts reported by Sarkar et al. (30) were -3.1mm and 4.2°, while we found 4.6mm and 1.6° in our study. By analyzing the CBCT performed before and after IMRT treatment Den et al. (32) reported the residual error frequencies ranging from 23.0% to 34.0% and 3.0% to 5.4% for >1mm and >3mm thresholds, while Lu et al. (33) reported frequencies from 17.5% to 30.8% and from 0.0% to 4.5% for 1mm and 2mm thresholds using similar methods. In our study, the frequencies of the deviations between PE-B1 and PE-B2 with thresholds >1mm, >2mm and >3mm ranged from 26.7% to 33.3%, 0.7% to 6.7%, and 0.0% to 1.3%, respectively, again, comparable to the published data. For the frequencies of the rotational deviation, 1.3% to 2.7% exceeded 1° threshold, while none exceeded 2°.

Even with an immobilizing thermoplastic mask, the considerable patient movement had been reported for treatments with lying posture (13). For patients treated in sitting posture for about 30 minutes (including setup, position correction procedures, and treatment delivery), the potential impact of intra-fraction patient movement should call for the same if not more attention. The results of the sub-millimeter magnitude of intra-fraction patient movement in this study were similar to the findings given in other published studies. Linthout et al. (13) evaluated the mean intra-fraction patient movement for head and neck patient in lying posture and reported 0.0mm, 0.3mm, -0.5mm, -0.1°, 0.1° and -0.2° in the x, y, z, u, v, w directions, respectively. Pang et al. (11) showed that the mean translational intra-fraction patient movement in all directions ranged from -1.8 to 1.1 mm and that the calculated mean overall intra-fraction patient movement was 0.3mm for head and neck patients in lying posture. For treatments in the upright posture, McCarroll et al. (16) reported a range of the order of several millimeters for intra-fraction patient movements. Balakin et al. (17) reported up to a 3 to 4mm shift in the thermoplastic mask during proton beam radiation therapy while in the sitting posture. In our study, the mean intra-fraction patient movements were -0.08mm, 0.71mm, -0.52mm, 0.10°, 0.09°, and -0.04° in the x, y, z, u, v, w directions, respectively, and only the intra-fraction patient movements in the y and z direction exceeded 0.5mm. The aforementioned intra-fraction patient movement was based on 30-minute (SD 7 minutes) treatment time. Although 6DTC could offer wide range of beam entry angles, its true advantage is in the selection optimal beam entry angles rather than adding more beams to a plan. Two to three beam entry angles can often achieve an optimal plan in particle radiotherapy. Adding more beam entry angles will prolong the treatment time and cause a larger intra-fraction patient movement with minimal gain in improving the dose distribution.

There are several factors that contribute to intra-fraction patient movement. Strategies devised to mitigate each specific cause could potentially reduce the associated errors. From our experience, when patients sit in a chair for a long time, they tend to sag their heads from fatigue, although being immobilized in the thermoplastic head mask. Tilting the chair slightly backward might overcome this movement. A few patients complained about the mask being too tight for the jaw, making them uncomfortable. Pitching the chair five to ten degrees backwards during the planning stage would make the patient lean against the head/shoulder fixation interface plate and could reduce the discomfort. Pitching the chair, however, requires a significant translation of the chair rotating platform between beam applications to perform isocentric treatments which could induce additional errors. In general, finding a comfortable yet secure position should relieve stress and reduce the intra-fraction patient movement.



Conclusions

In this study, the feasibility for ion beam radiotherapy using the 6DTC in upright seated posture and the performance stability of the 6DTC were demonstrated. Over the span of 150 fractions of treatment (nine months), our results indicated that the position accuracy and intra-fraction patient movement in upright seated posture were similar to published data for lying posture, which is considered acceptable by the state of the art of current clinical practice. Due to the inevitably increased physical demand on patients in sitting posture, however, an improved immobilization method to further reduce intra-fraction patient movement is desirable.



Data Availability Statement

The raw data supporting the conclusions of this article will be made available by the authors, without undue reservation.



Ethics Statement

The studies involving human participants were reviewed and approved by the Institutional Review Board of Shanghai Proton and Heavy Ion Center. The patients/participants provided their written informed consent to participate in this study. Written informed consent was obtained from the individual(s) for the publication of any potentially identifiable images or data included in this article.



Author Contributions

JS, XW and YS contributed conception and design of this study. JS and YS organized the database. JS and ZC performed the statistical analysis. JS wrote the first draft of the manuscript. LK, DY, JM, XG, XW and YS wrote sections of the manuscript. All authors contributed to the article and approved the submitted version.



Funding

This project was sponsored by Science and Technology Development Fund of Shanghai Pudong New Area (Project No. PKJ2019-Y08), Shanghai Academic/Technology Research Leader (Project No. 18XD1423000) and Science and Technology Commission of Shanghai Municipality No. 15411950100.



Acknowledgments

The authors would like to thank Michael F. Moyers at Shanghai Proton and Heavy Ion Center for his review of this manuscript and Wenchien Hsi at University of Florida Health Proton Therapy Institute for his help with designing the 6DTC.



References

1. Schulz-Ertner, D, and Tsujii, H. Particle Radiation Therapy Using Proton and Heavier Ion Beams. J Clin Oncol (2007) 25(8):953–64. doi: 10.1200/JCO.2006.09.7816

2. Okada, T, Kamada, T, Tsuji, H, Mizoe, JE, Baba, M, Kato, S, et al. Carbon Ion Radiotherapy: Clinical Experiences at National Institute of Radiological Science (Nirs). J Radiat Res (2010) 51(4):355–64. doi: 10.1269/jrr.10016

3. Yan, S, Lu, HM, Flanz, J, Adams, J, Trofimov, A, and Bortfeld, T. Reassessment of the Necessity of the Proton Gantry: Analysis of Beam Orientations From 4332 Treatments at the Massachusetts General Hospital Proton Center Over the Past 10 Years. Int J Radiat Oncol Biol Phys (2016) 95(1):224–33. doi: 10.1016/j.ijrobp.2015.09.033

4. Zhang, X, Hsi, WC, Yang, F, Wang, Z, Sheng, Y, Sun, J, et al. Development of an Isocentric Rotating Chair Positioner to Treat Patients of Head and Neck Cancer at Upright Seated Position With Multiple Nonplanar Fields in a Fixed Carbon-Ion Beamline. Med Phys (2020) 47(6):2450–60. doi: 10.1002/mp.14115

5. Sheng, Y, Sun, J, Wang, W, Stuart, B, Kong, L, Gao, J, et al. Performance of a 6D Treatment Chair for Patient Positioning in an Upright Posture for Fixed Ion Beam Lines. Front Oncol (2020) 10:122. doi: 10.3389/fonc.2020.00122

6. Mori, S, Shibayama, K, Tanimoto, K, Kumagai, M, Matsuzaki, Y, Furukawa, T, et al. First Clinical Experience in Carbon Ion Scanning Beam Therapy: Retrospective Analysis of Patient Positional Accuracy. J Radiat Res (2012) 53(5):760–8. doi: 10.1093/jrr/rrs017

7. Li, H, Zhu, XR, Zhang, L, Dong, L, Tung, S, Ahamad, A, et al. Comparison of 2D Radiographic Images and 3D Cone Beam Computed Tomography for Positioning Head-and-Neck Radiotherapy Patients. Int J Radiat Oncol Biol Phys (2008) 71(3):916–25. doi: 10.1016/j.ijrobp.2008.01.008

8. van Kranen, S, van Beek, S, Rasch, C, van Herk, M, and Sonke, JJ. Setup Uncertainties of Anatomical Sub-Regions in Head-and-Neck Cancer Patients After Offline CBCT Guidance. Int J Radiat Oncol Biol Phys (2009) 73(5):1566–73. doi: 10.1016/j.ijrobp.2008.11.035

9. Meyer, J, Wilbert, J, Baier, K, Guckenberger, M, Richter, A, Sauer, O, et al. Positioning Accuracy of Cone-Beam Computed Tomography in Combination With a HexaPOD Robot Treatment Table. Int J Radiat Oncol Biol Phys (2007) 67(4):1220–8. doi: 10.1016/j.ijrobp.2006.11.010

10. Suzuki, M, Nishimura, Y, Nakamatsu, K, Okumura, M, Hashiba, H, Koike, R, et al. Analysis of Interfractional Set-Up Errors and Intrafractional Organ Motions During IMRT for Head and Neck Tumors to Define an Appropriate Planning Target Volume (PTV)- and Planning Organs at Risk Volume (PRV)-Margins. Radiother Oncol (2006) 78(3):283–90. doi: 10.1016/j.radonc.2006.03.006

11. Pang, PPE, Hendry, J, Cheah, SL, Soong, YL, Fong, KW, Wee, TSJ, et al. An Assessment of the Magnitude of Intra-Fraction Movement of Head-and-Neck IMRT Cases and Its Implication on the Action-Level of the Imaging Protocol. Radiother Oncol (2014) 112(3):437–41. doi: 10.1016/j.radonc.2014.09.008

12. Drabik, DM, MacKenzie, MA, and Fallone, GB. Quantifying Appropriate PTV Setup Margins: Analysis of Patient Setup Fidelity and Intrafraction Motion Using Post-Treatment Megavoltage Computed Tomography Scans. Int J Radiat Oncol Biol Phys (2007) 68(4):1222–8. doi: 10.1016/j.ijrobp.2007.04.007

13. Linthout, N, Verellen, D, Tournel, K, and Storme, G. Six Dimensional Analysis With Daily Stereoscopic X-Ray Imaging of Intrafraction Patient Motion in Head and Neck Treatments Using Five Points Fixation Masks. Med Phys (2006) 33(2):504–13. doi: 10.1118/1.2165417

14. Wiernik, G. A New Radiotherapy Treatment Chair. Br J Radiol (1961) 34:676–8. doi: 10.1259/0007-1285-34-406-676

15. Marcus, KC, Svensson, G, Rhodes, LP, and Mauch, PM. Mantle Irradiation in the Upright Position: A Technique to Reduce the Volume of Lung Irradiated in Patients With Bulky Mediastinal Hodgkin’s Disease. Int J Radiat Oncol Biol Phys (1992) 23(2):443–7. doi: 10.1016/0360-3016(92)90766-b

16. McCarroll, RE, Beadle, BM, Fullen, D, Balter, PA, Followill, DS, Stingo, FC, et al. Reproducibility of Patient Setup in the Seated Treatment Position: A Novel Treatment Chair Design. J Appl Clin Med Phys (2017) 18(1):223–9. doi: 10.1002/acm2.12024

17. Balakin, VE, Belikhin, MA, Pryanichnikov, AA, Shemyakov, AE, and Strelnikova, NS. Clinical Application of New Immobilization System in Seated Position for Proton Therapy. KnE Energy (2018) 3(2):45–51. doi: 10.18502/ken.v3i2.1790

18. Boag, JW, and Hodt, HJ. Adjustable Chair for Radiotherapy of Head and Neck Cancer. Br J Radiol (1971) 44(520):316–7. doi: 10.1259/0007-1285-44-520-316

19. Miller, RW, Raubitschek, AA, Harrington, FS, van de Geijn, J, Ovadia, J, and Glatstein, E. An Isocentric Chair for the Simulation and Treatment of Radiation Therapy Patients. Int J Radiat Oncol Biol Phys (1991) 21(2):469–73. doi: 10.1016/0360-3016(91)90798-9

20. Maes, D, Janson, M, Regmi, R, Egan, A, Rosenfeld, A, Bloch, C, et al. Validation and Practical Implementation of Seated Position Radiotherapy in a Commercial TPS for Proton Therapy. Phys Med (2020) 80:175–85. doi: 10.1016/j.ejmp.2020.10.027

21. Ciocca, M, Magro, G, Mastella, E, Mairani, A, Mirandola, A, Molinelli, S, et al. Design and Commissioning of the Non-Dedicated Scanning Proton Beamline for Ocular Treatment at the Synchrotron-Based CNAO Facility. Med Phys (2019) 46(4):1852–62. doi: 10.1002/mp.13389

22. Verhey, LJ, Goitein, M, McNulty, P, Munzenrider, JE, and Suit, HD. Precise Positioning of Patients for Radiation Therapy. Int J Radiat Oncol Biol Phys (1982) 8(2):289–94. doi: 10.1016/0360-3016(82)90530-2

23. Kong, L, Hu, J, Guan, X, Gao, J, Lu, R, and Lu, JJ. Phase I/II Trial Evaluating Carbon Ion Radiotherapy for Salvaging Treatment of Locally Recurrent Nasopharyngeal Carcinoma. J Cancer (2016) 7(7):774–83. doi: 10.7150/jca.14399

24. Yang, J, Gao, J, Wu, X, Hu, J, Hu, W, Kong, L, et al. Salvage Carbon Ion Radiation Therapy for Locally Recurrent or Radiation-Induced Second Primary Sarcoma of the Head and Neck. J Cancer (2018) 9(12):2215–23. doi: 10.7150/jca.24313

25. Guan, X, Gao, J, Hu, J, Hu, W, Yang, J, Qiu, X, et al. The Preliminary Results of Proton and Carbon Ion Therapy for Chordoma and Chondrosarcoma of the Skull Base and Cervical Spine. Radiat Oncol (2019) 14(1):206. doi: 10.1186/s13014-019-1407-9

26. Moyers, MF, and Lesyna, W. Isocenter Characteristics of an External Ring Proton Gantry. Int J Radiat Oncol Biol Phys (2004) 60(5):1622–30. doi: 10.1016/j.ijrobp.2004.08.052

27. Kato, T, Yamazaki, Y, Kato, R, Komori, S, Endo, H, Oyama, S, et al. End-to-End Test to Evaluate the Comprehensive Geometric Accuracy of a Proton Rotating Gantry Using a Cone-Shaped Scintillator Screen Detector. Radiol Phys Technol (2020) 13(2):144–51. doi: 10.1007/s12194-020-00562-7

28. Shah, AP, Strauss, JB, Kirk, MC, Chen, SS, Kroc, TK, and Zusag, TW. Upright 3D Treatment Planning Using a Vertical CT. Med Dosim (2009) 34(1):82–6. doi: 10.1016/j.meddos.2008.05.004

29. Rosenfelder, NA, Corsini, L, McNair, H, Pennert, K, Aitken, A, Lamb, CM, et al. Comparison of Setup Accuracy and Intrafraction Motion Using Stereotactic Frame Versus 3-Point Thermoplastic Mask-Based Immobilization for Fractionated Cranial Image Guided Radiation Therapy. Pract Radiat Oncol (2013) 3(3):171–9. doi: 10.1016/j.prro.2012.06.004

30. Sarkar, B, Munshi, A, Ganesh, T, Manikandan, A, Krishnankutty, S, Chitral, L, et al. Technical Note: Rotational Positional Error Corrected Intrafraction Set-Up Margins in Stereotactic Radiotherapy: A Spatial Assessment for Coplanar and Noncoplanar Geometry. Med Phys (2019) 46(11):4749–54. doi: 10.1002/mp.13810

31. Lewis, BC, Snyder, WJ, Kim, S, and Kim, T. Monitoring Frequency of Intra-Fraction Patient Motion Using the ExacTrac System for LINAC-Based SRS Treatments. J Appl Clin Med Phys (2018) 19(3):58–63. doi: 10.1002/acm2.12279

32. Den, RB, Doemer, A, Kubicek, G, Bednarz, G, Galvin, JM, Keane, WM, et al. Daily Image Guidance With Cone-Beam Computed Tomography for Head-and-Neck Cancer Intensity-Modulated Radiotherapy: A Prospective Study. Int J Radiat Oncol Biol Phys (2010) 76(5):1353–9. doi: 10.1016/j.ijrobp.2009.03.059

33. Lu, H, Lin, H, Feng, G, Chen, J, Shu, L, Pang, Q, et al. Interfractional and Intrafractional Errors Assessed by Daily Cone-Beam Computed Tomography in Nasopharyngeal Carcinoma Treated With Intensity-Modulated Radiation Therapy: A Prospective Study. J Radiat Res (2012) 53(6):954–60. doi: 10.1093/jrr/rrs041



Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Copyright © 2021 Sun, Kong, Chen, You, Mao, Guan, Wu and Sheng. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.




ORIGINAL RESEARCH

published: 14 July 2021

doi: 10.3389/fonc.2021.708884

[image: image2]


Effectiveness of Carbon Ion Radiation in Locally Advanced Pancreatic Cancer


Jakob Liermann 1,2,3,4,5*, Patrick Naumann 1,2,3, Fabian Weykamp 1,2,3, Philipp Hoegen 1,2,3,4, Juergen Debus 1,2,3,4,5,6 and Klaus Herfarth 1,2,3,4,5,6


1 Department of Radiation Oncology, Heidelberg University Hospital, Heidelberg, Germany, 2 Heidelberg Institute for Radiation Oncology (HIRO), Heidelberg, Germany, 3 National Center for Tumor Diseases (NCT), Heidelberg, Germany, 4 Clinical Cooperation Unit Radiation Oncology, German Cancer Research Center (DKFZ), Heidelberg, Germany, 5 Heidelberg Ion Beam Therapy Center, Heidelberg, Germany, 6 German Cancer Consortium (DKTK), partner site Heidelberg, German Cancer Research Center (DKFZ), Heidelberg, Germany




Edited by: 
Giuseppe Magro, National Center of Oncological Hadrontherapy, Italy

Reviewed by: 
Silvia Molinelli, National Center of Oncological Hadrontherapy, Italy
 Amelia Barcellini, National Center of Oncological Hadrontherapy, Italy

*Correspondence: 
Jakob Liermann
 jakob.liermann@med.uni-heidelberg.de

Specialty section: 
 This article was submitted to Radiation Oncology, a section of the journal Frontiers in Oncology


Received: 12 May 2021

Accepted: 24 June 2021

Published: 14 July 2021

Citation:
Liermann J, Naumann P, Weykamp F, Hoegen P, Debus J and Herfarth K (2021) Effectiveness of Carbon Ion Radiation in Locally Advanced Pancreatic Cancer. Front. Oncol. 11:708884. doi: 10.3389/fonc.2021.708884




Purpose

Effective treatment strategies for unresectable locally advanced pancreatic cancer (LAPC) patients are eagerly warranted. Recently, convincing oncological outcomes were demonstrated by carbon ion radiotherapy. Nevertheless, there is a lack of evidence for this modern radiation technique due to the limited number of carbon ion facilities worldwide. Here, we analyze feasibility and efficacy of carbon ion radiotherapy in the management of LAPC at Heidelberg Ion Beam Therapy Center (HIT).



Methods

Between 2015 and 2020, 21 LAPC patients were irradiated with carbon ions with a total dose of 48 Gy (RBE) in single doses of 4 Gy (RBE). Three patients (14%) were treated with concomitant chemotherapy with gemcitabine 300 mg/m2 body surface weekly. Toxicity rates were extracted from the charts. Overall survival, progression free survival, local control, and locoregional control were evaluated using Kaplan–Meier estimates.



Results

One patient developed ascites CTCAE grade III during radiotherapy, which was related to a later histologically confirmed metachronous peritoneal carcinomatosis. No further higher-graded toxicity could be observed. The most common symptoms were nausea and abdominal pain. After a median estimated follow-up time of 19.1 months, the median progression free survival was 3.7 months, and the median overall survival was 11.9 months. The estimated 1-year local control and locoregional control rates were 89 and 84%, respectively.



Conclusion

Carbon ion radiotherapy of LAPC patients is safely feasible. Local tumor control rates were high. Nevertheless, compared to historical data, an overall survival improvement could not be observed. This could be explained by the poor prognosis of the selected underlying patients that mostly did not respond to prior chemotherapy as well as the early and frequent emergence of distant metastases that demonstrate the necessity of additional chemotherapy in further studies.
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Introduction

In pancreatic cancer, there is a lack of effective therapy options. Over the last decades, the limited five-year overall survival rate of 5–10% (1) could only be marginally challenged by modern treatment strategies. So far, surgical resection is the only curative therapy (2). However, in the majority of the patients, the tumor is deemed unresectable due to distant metastases or due to vessel involvement. Recently, Iacobuzio-Donahue et al. demonstrated local disease burden to be the cause of approximately one third of all pancreatic cancer related deaths (3). These findings demonstrate the urgent need for effective local treatment strategies.

In the last decades, several approaches tried to improve the oncological outcome of patients suffering from locally advanced pancreatic cancer (LAPC). One important goal in LAPC therapy is downstaging to gain secondary resectability. Because of the promising local effects of radiotherapy, multiple trials tested a potential benefit of chemoradiation over chemotherapy alone (4–6), but the data remain inconclusive. The Eastern Cooperative Oncology Group (ECOG) trial E4201 (6) and the Gastrointestinal Tumor Study Group (GITISG) trial 9283 (7) showed a slight beneficial effect of chemoradiation over chemotherapy. However, the LAP07 trial (4) revealed no difference in the median overall survival, although local tumor progression was significantly lower after chemoradiation compared to chemotherapy alone (32% vs. 46%). The efficacy of chemotherapy could also be improved, recently. The most effective chemotherapy regime consisting of folinic acid, fluorouracil, irinotecan, and oxaliplatin (FOLFIRINOX) as part of LAPC therapy is correlated with a median overall survival of 24.2 months (8). However, many patients do not tolerate this aggressive chemotherapy regime due to comorbidity. As the results of chemoradiotherapy remain controversial, there is an ongoing discussion on the role of chemoradiation in the management of LAPC.

The observed limited effect of conventional radiotherapy in pancreatic cancer could partially be explained by the relatively low radiation doses applicable. This is due to the gastrointestinal tract which is highly sensitive to radiotherapy and which is situated adjacent to the pancreas (9, 10). To improve radiotherapy in LAPC, radiation doses should be increased. This could be reached by modern radiation techniques, such as stereotactic body radiotherapy, magnetic resonance (MR)-guided radiotherapy or particle therapy (11–14). Using these techniques, higher doses can be applied to the tumor while respecting the dose limits for the adjacent organs at risk (OARs). Recently, Shinoto et al. presented convincing results of carbon ion radiotherapy in LAPC (15). In a dose-escalating trial, the observed median overall survival was 19.6 months after chemoradiation with 43.2–55.2 Gy (RBE) carbon ions applied in 12 fractions and combined with gemcitabine.

Carbon ion radiotherapy is known for two major advantages over conventional photon radiotherapy. First, there are physical characteristics making carbon ion radiotherapy highly conformal and precise. Energy deposition of particle therapy in irradiated tissue is different to the one of photon radiotherapy. Within a particle beam, there is a relatively low energy deposition in the entrance channel. The particles slow down and finally stop in a calculable depth, depending on their speed, represented by an increase of energy deposition and resulting in a maximum of energy deposition at a certain depth, the so-called Bragg Peak (16). There is almost no energy deposition behind this Bragg Peak. The resulting dose gradients in particle therapy are therefore very steep which makes the dose application highly precise. Second, carbon ions are known for a higher linear energy transfer (LET) and a higher relative biological effectiveness (RBE) compared to photons and even compared to protons (17). This is a biological advantage over photon radiotherapy as carbon ions are e.g. not as oxygen-dependent as photons. The biological characteristics of carbon ions could translate in improved therapy outcomes in so-far deemed radioresistant tumors (18).

In carbon ion radiotherapy planning, one of the most crucial aspects is the multifactorial dependency of the RBE resulting in different RBE values within the beam (19). Different carbon ion facilities use different RBE-models for carbon ion radiotherapy planning. Therefore, dose and therapy concepts cannot simply be transferred from one facility to another (20).

The advantages of carbon ion radiotherapy over conventional photon radiotherapy could improve oncological outcomes of LAPC patients as demonstrated by Shinoto et al. (15) In the present study, we analyze the feasibility and the efficacy of this promising radiation technique in the treatment of LAPC patients at Heidelberg Ion Beam Therapy Center (HIT).



Methods


Patients

All patients presented with histologically confirmed pancreatic ductal adenocarcinoma or suspicious pancreatic tumor in imaging with correlating elevated tumor markers. To be included in the study, patients needed to suffer from inoperable LAPC without any sign of distant metastases (American Joint Committee on Cancer stage III). Two exceptions were made. One patient presented with a radiological suspicion of a distant lymph node metastasis, but the metastasis was not histologically confirmed at the time of radiotherapy. Another patient was included in the study, although he presented with hepatic metastases due to the fact that the hepatic metastases responded excellently to initial chemotherapy. A certain distance between the gastrointestinal tract and the tumor was not required. Any type and duration of prior chemotherapy was allowed. Recurrent cancer cases and patients participating in the ongoing PACK-trial (21) were excluded from the analysis. The inclusion criteria were chosen widely, as the institutional LAPC patient cohort treated with carbon ion radiotherapy is too small to define more specific subgroups.



Target Volume Definition

Planning imaging for radiotherapy was performed using four-dimensional native CT scans with a slice thickness of 3 mm to consider respiratory movement. Contrast-enhanced images were generated for differentiation of tumor and healthy tissue in delineation. Additionally, in six cases (29%), fibroblast activation protein inhibitor-positron emission tomography (FAPI-PET) was performed prior to radiotherapy to improve target definition as recently demonstrated for locally recurrent pancreatic cancer (22). Contouring and radiotherapy planning were performed with the treatment planning system Syngo PT Planning (Siemens, Erlangen, Germany).

For delineation of the gross tumor volume (GTV), all applicable imaging was used to define the macroscopic tumor. Assumed microscopic tumor invasion was defined as clinical target volume (CTV). Therefore, the GTV was isometrically expanded by 6 mm and corrected considering anatomic boundaries such as non-infiltrated bone. Locoregional lymph nodes and the neuro-plexus were only part of the CTV when infiltrated. Considering respiratory movement, an internal target volume (ITV) was generated. The planning target volume (PTV) consisted of the ITV, enlarged by 5 mm in all directions (7 mm in beam direction).



Dose Prescription and Dose Constraints

Patients were irradiated with a total dose of 48 Gy (RBE) applied in 12 fractions. The corresponding equivalent dose at 2 Gy (EQD2) is 61.7 Gy, assuming an α/β-ratio of 5 Gy. A dose maximum in the upper gastrointestinal tract of 43.2 Gy (RBE) should be respected. Underdosage of the planning target volume (PTV) to respect gastrointestinal constraints in challenging cases was decided upon individually case by case. A representative underdosage within the target volume is demonstrated in Figure 1. The dosage of the spinal cord was restricted to a maximum of 36 Gy (RBE), and the kidney volume receiving more than 24 Gy (RBE) was not allowed to exceed 20% of the whole organ.




Figure 1 | Representative carbon ion radiation plan of a locally advanced pancreatic cancer patient using a clinical α/β-ratio of 5 Gy for the internal target volume (ITV) and 2 Gy for the surrounding tissue in the treatment planning software’s integrated relative biological effectiveness (RBE) model. The isodose lines are demonstrated in different colors. The percentages of the isodose lines shown in the legend correspond to the prescribed dose of 48 Gy (RBE) in 12 fractions. Underdosage of the ITV and of the gross tumor volume (GTV) needed to be accepted to respect the gastrointestinal (GI) constraints. (A) Due to the α/β-ratio shift at the edge of the ITV, the peripheral ITV is irradiated with a lower biological dose than the surrounding tissue (white arrow), whereas the physically applied dose is increasing towards the center of the ITV. (B) Forward calculation using an α/β-ratio of 2 Gy for all volumes in the RBE model. The dose distribution at the edge of the ITV is more homogenous (white arrow) but in this plan presentation, the GTV seems to be overdosed. This forward calculation helps in analyzing the plan but is not assumed to be correct, because of the missing biological assumption of the higher α/β-ratio for the ITV.





Treatment Delivery

Carbon ion radiotherapy was applied with an intensity-controlled raster scanning system for beam application at a rotating gantry. The first six patients (29%) were situated in prone position to avoid a beam entry through the couch. After commissioning irradiation through the treatment table, the remaining 15 patients (71%) could be treated in supine position. Accordingly, patients were predominantly situated on their back with the arms over the head (in Wing-Step mount) and with support in the back of the knee (knee cushion or Pro-Step mount). The laser-marked reference spots were defined by three small ink marks (Beekley spots). In all but one cases, two dorsal oblique radiation beams were used. Four-dimensional CT data of each patient were analyzed to evaluate the respiratory movement. In cases with large cranio-caudal target movement, gating was considered. In cases with an acceptable movement of the target, an ITV of all respiration phases was generated instead. In the presented patient cohort, finally, none of the patients was irradiated in a gating technique. Abdominal compression was not used to avoid a forced proximity of the gastrointestinal to the target volume. Image-guidance was performed through daily orthogonal X-rays and regular CT scans (at least once per week). If available, operation clips or stents were used for alignment. Otherwise, the spine was used to match X-rays and planning CT images. To consider organ movement and anatomical changes, a planning risk volume of the gastrointestinal was generated based on the four-dimensional CT data and patients needed to fast for at least 3 h prior to irradiation. If necessary, a new plan was generated based on the performed control CT. In the presented analysis, this was the case in two patients.



Treatment Planning

For biological plan optimization in carbon ion radiotherapy, different RBE values within the beam need to be considered. Therefore, the local effect model (LEM) I is integrated in the used treatment planning system (TPS). In LEM I, different α/β-ratios for the ITV (first three patients: α/β = 2 Gy, remaining 18 patients: α/β = 5 Gy) and for the surrounding tissues (α/β = 2 Gy) were used.

The implementation of two different α/β-ratios in the RBE model results in a complex dose distribution. In the ITV (α/β = 5 Gy), the physically applied dose needs to be higher than in the surrounding tissue (α/β = 2 Gy) to achieve the same biological dose. Thus, in the biological dose distribution prediction, there is a shift from the α/β-ratio of 2 Gy (within the surrounding tissue) to the α/β-ratio of 5 Gy (within the ITV). The biological dose in the peripheral margin of the ITV is deemed lower than the one of the surrounding tissue adjacent to the ITV edge (Figure 1A). This uncommon presentation of dose distribution seems inappropriate from the point of view of a conventional radiation oncologist. To facilitate plan evaluation, a forward calculation is performed using an α/β-ratio of 2 Gy in LEM I for all structures including the ITV and the surrounding tissue (Figure 1B). As a consequence, the biological dose within the ITV is much higher in this forward calculation and should not be taken for granted. On the other hand, dose distribution seems more appropriate at the edge of the ITV. For adequate plan evaluation, both the actual plan and the forward calculation should be analyzed.



Follow-up and Response Evaluation

Follow-up was defined from the start of radiotherapy and was calculated using the reverse Kaplan–Meier method (23). Three-monthly contrast-enhanced CT scans and clinical visits were evaluated, whenever available. RECIST 1.1.-criteria were used in CT-based response evaluation. In-field tumor progression was denominated as “local tumor recurrence”. “Regional tumor recurrence” was defined as out-field (<90% of the prescribed dose) tumor progression of lymph nodes, soft tissue nearby or within the pancreas. “Distant tumor recurrence” was defined as any other tumor progression.

Overall survival (OS) was defined as time from the start of radiotherapy until death. Local control (LC) was defined from the start of radiotherapy until local tumor recurrence or last imaging available. Locoregional control (LRC) was defined from the start of radiotherapy until local or regional tumor recurrence or last imaging available. Progression free survival (PFS) was defined from the start of radiotherapy until any tumor progression or death or last imaging available.



Toxicity

Symptoms and complaints were graded according to the International Common Terminology Criteria for Adverse Events of the National Cancer Institute (NCI CTC AE), Version 5. Toxicity rates were extracted from the charts before the start of radiotherapy, during radiotherapy and at all available time points after the end of radiotherapy.



Statistics

OS, LC, LRC, and PFS were analyzed using the Kaplan–Meier method. Statistics and figures were performed with SPSS Statistics, version 27 (International Business Machines Corporation: IBM, New York, USA).



Ethics

The study was approved by the Ethics Committee of the University of Heidelberg, Germany (S-688/2020).




Results


Patient and Treatment Characteristics

A total of 21 patients could be included in the analysis. Fourteen patients were treated with chemotherapy and one patient underwent partial tumor resection by whipple procedure prior to radiation. Prior chemotherapy regimen was heterogenous with a median of five cycles of FOLFIRINOX chemotherapy (range 1–10). Initial chemotherapy was predominantly performed as treatment of choice in LAPC patients or as neoadjuvant therapy to gain secondary operability. The majority of the patients presented in our institution due to missing tumor remission under chemotherapy or to avoid further chemotherapy. Radiotherapy with carbon ions was performed between January 2015 and July 2020. A total dose of 48 Gy (RBE) was delivered in 12 fractions in all cases. In three cases, concomitant chemotherapy with gemcitabine 300 mg/m2 body surface was administered weekly (2–3 cycles). Patients that were known non-responder to gemcitabine and patients that could not receive chemotherapy due to their general condition were not treated with concomitant chemotherapy. Additionally, the combination of gemcitabine chemotherapy and carbon ion radiotherapy was not tested to be safely applicable in 2015 which resulted in restrictive concomitant chemotherapy prescription at our institution. After radiotherapy, two initially inoperable patients were operated. One patient underwent total pancreatectomy (R1) after having developed local tumor recurrence after radiotherapy. In the second case, the tumor was deemed unresectable during operation and the procedure was completed without resection. During both operations, slight fibrosis was seen without leading to any interventional complications. Accordingly, the overall secondary resection rate was 5%. In case of tumor progression during follow-up, patients were treated with different chemotherapy and immunotherapy regimen. Four patients were treated with gemcitabine and nab-paclitaxel, two patients with FOLFIRINOX, and further two patients with a combination of ipilimumab, nivolumab, and maraviroc. Detailed patient and treatment characteristics are summarized in Tables 1 and 2. A representative radiation plan is shown in Figure 2.


Table 1 | Patient characteristics.




Table 2 | Treatment characteristics.






Figure 2 | (A) Computed tomography (CT) scan of a locally advanced pancreatic cancer patient demonstrating a pancreatic tumor mass with an implanted biliary metal stent (left). To improve target volume definition in radiation planning, a fibroblast activation protein inhibitor-positron emission tomography (FAPI-PET) with a high tumor to background contrast was performed and matched with CT data (right). (B) Radiation plan of the same patient in axial (upper left), coronal (upper right) and sagittal (lower left) CT slices. The percentages of the different-colored isodose lines correspond to the prescribed dose of 48 Gy (RBE) in 12 fractions. For all volumes, an α/β-ratio of 2 Gy was used in the underlying relative biological effectiveness model. Partially, underdosage of the planning target volume (PTV, delineated in blue) needed to be accepted to respect the gastrointestinal (GI, delineated in orange) constraints. The dose volume histogram (lower right) demonstrates a ‘stereotactic-radiotherapy-like’ dose escalation within the PTV while respecting the GI constraints.





Survival and Tumor Control

After a median follow-up time of 19.1 months, the estimated 1-year OS rate was 40.0% (Figure 3A). Two years after the start of radiotherapy, two of the observed patients were still alive and three patients were lost to follow-up. The observed median overall survival was 11.9 months. The corresponding 95% confidence interval (CI) was 6.0–17.8 months. The estimated 1-year PFS rate was 10% (Figure 3B), and the median PFS was 3.7 months (95% CI 0.0–9.2).




Figure 3 | Estimated overall survival (A), progression free survival (B) and local tumor control (C) rates of 21 locally advanced pancreatic cancer patients after carbon ion radiotherapy with 48 Gy (RBE) in 12 fractions.



Local progression could be observed in one patient 10 months after the start of radiotherapy (Figure 3C). The corresponding tumor could be resected but two months later distant metastases occurred. Regional and distant tumor recurrences were simultaneously observed in another patient that was treated with chemotherapy thereafter. No further locoregional tumor recurrence could be observed. One-year local control and one-year locoregional control rates were 89 and 84%, respectively.



Toxicity

During radiotherapy, there was an increase of reported nausea (13% before radiotherapy vs. 48% during radiotherapy) and diarrhea. Nevertheless, these symptoms decreased after radiotherapy. One patient developed ascites CTCAE grade III during radiotherapy. Histopathological examination revealed underlying metachronous peritoneal carcinomatosis. No further higher-graded toxicity could be observed. After radiotherapy, 14% of the patients reported on fatigue. Toxicity rates are shown in Table 3.


Table 3 | Toxicity rates.






Discussion

To the best of our knowledge, we present the first European data on carbon ion radiotherapy in LAPC. The observed results demonstrate that carbon ion radiotherapy in pancreatic cancer is both feasible and well tolerable. Whereas convincing local tumor control rates could be achieved, OS rates were low due to a very short PFS of 3.7 months since distant metastases occurred early in most patients.

In all cases, radiation was completed as intended, and no radiation-induced higher graded toxicity was seen. Observed nausea and diarrhea could adequately be explained by radiation-induced mucositis of the gastrointestinal tract. Accordingly, these two symptoms decreased after the end of radiotherapy. Those findings are in line with the current literature. There are two retrospective analyses regarding carbon ion radiotherapy in LAPC (24, 25). Furthermore, Shinoto et al. published results of a prospective phase II dose-escalating trial of 76 patients (15). In the mentioned studies, the most common toxicities included anorexia and gastrointestinal ulcer or bleeding. The latter could be observed in <3% of the patients. In the present analysis, only one grade II bleeding of the lower gastrointestinal could be observed during follow-up. The patient was treated with anticoagulant therapy at the time of the event so that a correlation with the performed radiation seems to be less probable.

In the only prospective trial published so far, Shinoto et al. demonstrated a 1- and 2-year local tumor control rate of 92 and 83%, based on CT imaging (15). We could confirm the local effectiveness of carbon ion radiotherapy with an observed 1-year local control rate of 87%.

Nevertheless, OS results differed considerably. Shinoto et al. observed a median OS of 19.6 months (15). Kawashiro et al. presented an even higher median OS of 21.5 months after carbon ion radiotherapy in LAPC patients (25). This is almost twice as high as the observed 11.9 months of the present study. In the LAP 07 trial which compared photon radiotherapy-based chemoradiation with chemotherapy after induction therapy, the observed median overall was 12.8 months (4). Compared to these historical findings, we did not observe an OS improvement by carbon ion radiotherapy over photon radiotherapy in the present study.

One difference between the Japanese data and the present analysis is the underlying radiation dose concept. Kawashiro et al. irradiated with total doses of up to 55.2 Gy (RBE) delivered in 12 fractions. Furthermore, they described a correlation of higher-dosed radiotherapy and OS improvement (25). In the present analysis, we irradiated with a total dose of 48 Gy (RBE) in 12 fractions. However, dose concepts of different carbon ion facilities cannot be compared directly, which aggravates the interpretation of these findings. To be able to compare the approach at the Heavy-Ion Medical Accelerator (HIMAC) at the National Institute of Radiological Science (NIRS) in Japan with the LEM I-based approach at our institution, Steinstrater et al. published conversion tables (20). According to these assumptions, the irradiated maximum single doses of 4.6 Gy (RBE) by Kawashiro et al. should correlate with single doses of 4.4–5.0 Gy (RBE) at our institution. Altogether, the radiation dose concept at our institution [single dose: 4.0 Gy (RBE)] is supposed to be lower than the maximum one used in Japan. Nevertheless, considering the comparable local tumor progression rates of the different analyses, it seems rather unlikely that the diverse radiation dose concepts satisfactorily explain the OS differences.

Shinoto et al. and Kawashiro et al. performed elective nodal irradiation and included the neuro-plexus region in the CTV (15, 25). At our institution, carbon ion radiotherapy volumes were kept as small as possible without elective nodal irradiation. The latter could lead to a higher rate of tumor recurrences. However, we did not observe high rates of locoregional tumor progression which partially contradicts this hypothesis.

Another significant difference between the Japanese trials and our study is the administration of chemotherapy. Shinoto et al. and Kawashiro et al. combined carbon ion radiotherapy with gemcitabine-based chemotherapy using doses of up to 1,000 mg/m2. In the present study, only 14% of the patients were treated with simultaneous chemotherapy and administered gemcitabine doses were lower (300 mg/m2). The missing chemotherapy in the present treatment concept could explain the observed high rate of distant tumor progression and the relatively low OS rate.

Finally, there is a selection bias in the presented patient cohort. Since the final publication of the LAP 07 trial results, LAPC patients in Europe are predominantly treated with chemotherapy. Patients that are capable of being treated with intense chemotherapy regimen such as FOLFIRINOX will typically not be assigned to radiotherapy unless they did not respond to chemotherapy pretreatment. Sixty-seven percent of the irradiated patients of the present analysis were pre-treated with intense chemotherapy regimen and did not or did only poorly respond to pre-treatment. The median time from initial diagnosis to irradiation was 8 months. Altogether, the irradiated patient cohort consisted mostly of non-responding patients to pre-treatment with chemotherapy.

This selection bias could possibly explain the observed limited OS of the present study. The low secondary resection rate of 5% supports this hypothesis. In a large meta-analysis of LAPC patients being treated with different modalities, the secondary resection rate was approximately 25% (8). Furthermore, the median gross tumor size of 43.6 ccm in the present analysis is almost three times larger than the observed tumor size of the prospective trial of Shinoto et al. (14.8 ccm) (15) indicating a negative selection bias of the present patient cohort, too.

The present study has several limitations. First, the quality of data acquisition is limited because of the retrospective character of the analysis. Several patients did not regularly perform follow-up examinations, and no standardized quality of life questionnaires were used. Second, a sample size of 21 patients is small, which is due to the limited number of carbon ion facilities making carbon ion radiotherapy a rare treatment option. Third, the observed high local tumor control rate could be biased by the high rate of distant tumor progression during follow-up examination. It is possible that patients did not reach the criteria of local tumor progression because they deceased early after the end of radiotherapy.

On the other hand, a strength of the analysis is the reliability of the estimated overall survival due to the high number of reported deaths. Furthermore, the observed local tumor control rate and the toxicity rates seem to confirm the radiation dose concept as only one patient developed local tumor progression and no higher-graded radiation-induced toxicity was seen.

In conclusion, carbon ion radiotherapy in pancreatic cancer is well tolerable and locally effective. In the present analysis, an expected OS benefit over historical photon radiotherapy data could not be observed. This seems to be due to a negative selection bias of the described patient cohort. Considering the high rate of distant tumor progression, carbon ion radiotherapy should be combined with chemotherapy in future studies.
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Purpose

The purpose of this study was to validate the dosimetric performance of scanned ion beam deliveries with motion-synchronization to heterogenous targets.



Methods

A 4D library of treatment plans, comprised of up to 10 3D sub-plans, was created with robust and conventional 4D optimization methods. Each sub-plan corresponded to one phase of periodic target motion. The plan libraries were delivered to a test phantom, comprising plastic slabs, dosimeters, and heterogenous phantoms. This phantom emulated range changes that occur when treating moving tumors. Similar treatment plans, but without motion synchronization, were also delivered to a test phantom with a stationary target and to a moving target; these were used to assess how the target motion degrades the quality of dose distributions and the extent to which motion synchronization can improve dosimetric quality. The accuracy of calculated dose distributions was verified by comparison with corresponding measurements. Comparisons utilized the gamma index analysis method. Plan quality was assessed based on conformity, dose coverage, overdose, and homogeneity values, each extracted from calculated dose distributions.



Results

High pass rates for the gamma index analysis confirmed that the methods used to calculate and reconstruct dose distributions were sufficiently accurate for the purposes of this study. Calculated and reconstructed dose distributions revealed that the motion-synchronized and static deliveries exhibited similar quality in terms of dose coverage, overdose, and homogeneity for all deliveries considered. Motion-synchronization substantially improved conformity in deliveries with moving targets. Importantly, measurements at multiple locations within the target also confirmed that the motion-synchronized delivery system satisfactorily compensated for changes in beam range caused by the phantom motion. Specifically, the overall planning and delivery approach achieved the desired dose distribution by avoiding range undershoots and overshoots caused by tumor motion.



Conclusions

We validated a dose delivery system that synchronizes the movement of the ion beam to that of a moving target in a test phantom. Measured and calculated dose distributions revealed that this system satisfactorily compensated for target motion in the presence of beam range changes due to target motion. The implication of this finding is that the prototype system is suitable for additional preclinical research studies, such as irregular anatomic motion.





Keywords: motion-synchronized dose delivery, carbon ion therapy, range compensation, motion mitigation, multi-phase 4D delivery, scanned ion beams



Introduction

Proton and ion therapy provide conformal dose distributions for static targets, and in the past few decades, have emerged as a formidable alternative to photon therapy. Ion therapies have mainly been used to treat static tumors, including several in the regions of the head and neck region, cranium, retina, and the spine, with high conformity (1, 2), resulting in reduced toxicities and tumor recurrence (3). Conformal treatments have been shown to be partially effective in reducing complications associated with radiotherapy of moving tumors, such as non-small cell lung cancer, including pneumonitis and cardiac complications (4, 5). However, contemporary ion beam therapies for thoracic tumors still have high complication rates and low survival rates (6). Additional unmet clinical needs include shorter treatment times and streamlined patient-specific quality assurance procedures. Thus, it is imperative to develop treatment methods that can meet these clinical needs.

Currently, about two thirds of proton and ion therapy centers use relatively simple motion mitigation strategies to treat moving tumors, including various combinations of techniques such as breath hold, beam gating, and internal target volumes (ITV), used with or without rescanning (7). These motion mitigation strategies for scanned ion therapy have been used to successfully treat some, but not all, moving tumors, yet treatment complication rates remain a serious problem (8, 9). The local failures are largely believed to be caused by insufficient dose to the tumor and complications are believed to be caused by excessive dose to surrounding healthy tissues (10). An obvious approach to overcome these limitations is to amend treatment planning and dose delivery methods to increase tumor coverage and reduce dose to normal tissues. To achieve these, improvements are needed to mitigate against range variations that are induced by moving heterogenous anatomy, including cases where the movements of the tumor and surrounding healthy tissue differ from one another. The most advanced motion mitigation approach currently in clinical use, namely the phase-controlled rescanning method at the National Institute of Radiological Sciences (NIRS), combines rapid beam delivery with fluoroscopy-guided beam gating. This requires minimal changes to the target position during the time where the treatment unit actively delivers beam to the tumor. With this approach, treatments must be halted if tumor motion changes substantially from the expected tumor location (11). The advantage of the gating approach is that it avoids the technical complexity of motion mitigation, but increases the compliance requirements of patients, and some patients cannot comply with respiratory requirements. The most technologically advanced approach, commonly called 4D-optimized tracking, allows the patient to breath freely and requires the treatment system to modify the trajectories of the delivered ion beams to follow the moving tumor, using real-time monitoring of the tumor position. This approach, developed at GSI for more than a decade (12), revealed promising dosimetric qualities and technical feasibility, but the vast technological complexity required to compensate anatomical motion has thus far been a major obstacle to its translation to clinical practice. To overcome these obstacles, Lis et al. (13) developed a technologically straightforward approach, called multi-phase 4D beam delivery (MP4D), which provides comparable dosimetric quality to that of beam tracking without the associated complications. It takes anatomical and tumor motion into account during treatment planning and subsequently synchronizes the beam delivery in real-time so that it follows the moving tumor. The MP4D approach was previously characterized for moving targets with promising preliminary results, but the tests did not attempt to compensate for range changes that occur in a heterogeneous phantom. To our knowledge, no system with such capabilities has yet been validated or clinically commissioned.

The objective of this study was to validate, by measurement and calculation, the performance of a recently created motion-synchronized dose delivery system (M-DDS) (13), used to deliver MP4D treatments. In particular, we validated, for the first time, the ability of the M-DDS to compensate for tumor motion in the presence of anatomical, motion-induced range changes. Libraries of 4D-optimized carbon-ion treatment plans were delivered to phantoms and absorbed dose distributions were measured. The dosimetric quality was assessed by examination of the dose coverage, conformity, overdose and uniformity. These quantities were compared for deliveries with a variety of test cases, including those with stationary and moving tumors, with and without the application of motion synchronization.



Materials and Methods

We validated a prototype system to treat moving targets with scanned ion beams. The overall approach was to synchronize the delivery of the beam to the periodic motion of the target, to allow for almost continuous delivery of the beam to the moving target. This approach inherently includes compensating for motion in heterogenous anatomy, which would otherwise cause range over- and under-shoots due to the anatomical, motion-induced range changes. For the convenience of the reader, we briefly review here the previously reported methods for motion mitigation with MP4D deliveries (13, 14), the treatment planning system (TPS) (11), and the experimental apparatus (13). We then describe the analysis methods for assessing the impact of managing heterogenous anatomical motion with the multi-phase 4D approach.


Treatment Planning System and Treatment Delivery System

Treatment plans were created with the research TPS developed at GSI Helmholtzzentrum für Schwerionenforschung GmbH (GSI), called TRiP4D (15). This is an extension of TRiP98 (16, 17), which takes into account changes in patient anatomy caused by respiratory motion. Several previously established planning strategies were used, including conventional- and robust 4D optimization and conventional- and robust 3D optimization (these are each explained below). To create a 4D treatment plan, a 3D sub-plan is created on each of the respiratory motion phases found in a 4DCT image set. The library of sub-plans is utilized together as a complete, or composite, treatment plan. In this study, we used two simple phantoms to represent the human thorax and a moving tumor. We purposefully selected simple phantoms to facilitate direct comparisons of calculated and measured dose distributions. These comparisons were essential for validating the dosimetric performance in test scenarios where the target depth or range varied in time. More specifically, two types of variations were considered, including constant range variations (created with a moving, homogenous wedge), and discrete range variations (created by a moving slab containing heterogeneities).

4D treatment plans were created for each phantom. First, 4DCT image sets were created by shifting a 4/3π 3 × 3 × 2 cm3 ellipsoid target or a 6 × 6 × 4 cm3 cuboid target contour within a simulated water box phantom. The targets followed a 20 mm, Lujan2-type motion trajectory (18) that was lateral to the beam axis. To explore the impact of the number of motion phases on delivery quality, we created 4D plans containing 3, 6 and 10 motion phases. Sub-plans were optimized to cover the clinical target volume (CTV) in each motion phase with a fraction of the prescription dose, such that the sum of the sub-plan doses results in the target receiving the prescription dose. For 3D optimization, 3DCT image sets of the ellipsoid and cuboid targets were created and used during treatment planning.

Analogous treatment plans were created using conventional and robust optimization planning techniques. For conventional optimization, treatment plans were created for CTVs which had 3 mm isotropic margins, while for robust optimization, margins were calculated from nine uncertainty scenarios, including range uncertainties and target position shifts, to minimize their dosimetric impact. Robust optimization was described by Wolf et al. (19). Robustly and conventionally optimized plan libraries were created for both target volumes, on all 4DCT images and to a homogeneous absorbed dose of 3 Gy.

The plan libraries were delivered with the motion-synchronized dose delivery system (M-DDS) (13), which was created to accelerate research and translation of motion mitigation strategies in ion therapy. This system was implemented in a research version of the dose delivery system (DDS) that is used clinically at the National Center for Oncological Hadrontherapy (CNAO) (20). It was similarly implemented in the radiotherapy research facility (Cave M) at GSI (21).

The general approach considers motion of the entire anatomy during treatment planning. This allows for compensating for the motion of heterogeneous tissue and variable target depths without the need for real-time modifications to the beam spot delivery positions during delivery. Instead, the real-time target position is monitored to redirect delivery from sub-plan to sub-plan, as the target moves to another motion phase. As such, the sub-plans are delivered as a series of discrete stationary plans. This continues until the entire prescription dose is delivered. For this study, up to 10 motion phases were considered, corresponding to the number of phases typically found in a 4DCT for lung cancer patients; however, additional motion phases can be trivially added if needed. Though the number of motion phases is discrete, the tumor motion is continuously monitored, and a variety of motion monitoring devices can be selected.

In this study, we used continuous monitoring of target motion to adapt the delivery sequence of sub-plans. The 1D target motion was monitored with an optical distance sensor (OD100—35P840, SICK, Waldkirch, Germany). The signal amplitude was digitized and analyzed to yield a discrete motion phase. The sub-plan found in the plan library, corresponding to the detected phase, was then accessed. During beam delivery, the beam spots in the sub-plan that corresponded to the detected motion phase were delivered in sequence until complete, or until another motion phase was detected. When another phase was detected, the delivery was then redirected to the nearest beam spot within the corresponding sub-plan and delivery continued as before. Once all of the spots in an iso-energy slice (IES) were delivered for the given sub-plan, the beam was suspended until delivery was directed to a sub-plan containing yet undelivered spots of the same energy. This process continued until all beam spots for that IES were delivered, then delivery progressed to the next IES. For deliveries to static targets (plan libraries with one motion phase), all the beam spots are delivered in sequence for each IES until all beam spots were delivered.

At the time of this study, the refurbished accelerator system at GSI was only capable of single-energy deliveries and the beam range was modulated with a range shifter to deliver beams to entire target volumes. Subsequent work will implement fast and automated switching between accelerated beam energies to efficiently deliver multiple beam energies. Therefore, all plans were delivered with a nominal beam energy of 280 MeV/u. As a provisional means to produce multiple beam energies and ranges within a single delivery, we used a binary range shifter comprising polyethylene (PE) plastic slabs (21, 22). The treatment plans contained beam energy codes, that specified the needed beam energy for each slice of the treatment plan. These codes were converted to range shifter settings, where the range shifter settings specified the insertion of a combination of range shifting absorber slabs to modulate the beam range. Each of the selected binary codes corresponds to a combination of plastic slabs that allowed for shifting the beam spots longitudinally by as little as 0.1 mm increments. During beam delivery, the switching of range shifter settings was synchronized with the spill cycles of the synchrotron. The range shifter was further described elsewhere (22).

This motion-synchronized dose delivery system was previously implemented into the M-DDS and preliminary tests were reported (13).



Experimental Setup

Plan libraries were delivered to two setups, containing a heterogenous phantom, and moving slabs and dosimeters (Figure 1). Treatment deliveries were repeated twice for each setup: once to irradiate a 2D ionization chamber (IC) array detector (Octavius 1500XDR; PTW, Freiburg, Germany) and again to a stack of six radiochromic films (EBT3 Gafchromic; International Specialty Products, Wayne, NJ). The 2D IC array detector was placed within a 5 mm thick PMMA holder, and 6 films, were slotted into the films stack, between 10 mm slabs of PMMA (21). The 2D IC array detector, containing ICs filled with air at ambient pressure, was set to integral mode to measure total delivered dose. Both holders were mounted on top of a motorized linear stage (M-414.2PD; Physik Instrumente (PI) GmbH, Karlsruhe, Germany), aligned perpendicularly to the beamline. Slabs of water equivalent plastic, corresponding to 56.7 mm water-equivalent thickness (WET) were placed in front of these holders, on the linear stage. The linear stage was programmed to move with a 20 mm, uni-axial Lujan2-type respiratory motion-like pattern (18), and the motion was monitored in real time with an optical distance laser sensor (13, 23).




Figure 1 | Setups for testing motion compensation through heterogenous targets. A combination of four setups were used with either the wedge or density phantom and where measurements were made with either an IC array detector or film stack. A top view of the wedge-shaped phantom (left) and slab phantom with density heterogeneities (right) are shown, placed in front of a periodically moving linear stage. For all setups, the dosimeter was placed behind a set of plastic slabs. Isocenter is marked with a red circle and the linear stage movement is indicated with a red arrow.



Both setups contained a range modifying phantom. These included a wedge-shaped piece of PMMA (‘wedge phantom’) and a rectangular shaped piece of PMMA (‘density phantom’) with three air cavities (Figure 1). These were used to test uniform, gradual changes to the thickness proximal to the target, and discrete gradients from air gaps, respectively. The wedge phantom was 100 × 70 × 128 mm3, with a lateral slope of 0.3 mm/mm. The density phantom was a 160 × 109.9 × 30 mm3 block of PMMA with 15.8-, 12.0-, and 8.1-mm diameter cylindrical air gaps. In both cases, the wedge and density phantoms remained stationary and were placed in front of the detector and water-equivalent plastic slabs, which were placed on top of the moving linear stage. The density phantom induced range changes of 5.5 to 18.4 mm and the wedge phantom induced a maximum range gradient of 8.8 mm/mm. In addition to the MP4D deliveries, 3D optimized plans were delivered to moving targets, without motion mitigation, to assess the dosimetric impact of motion interplay effects. Similarly, 3D-optimized plans were delivered to static targets to determine the reference dosimetric performance of the treatment delivery system.



Data Analysis

The dosimetric quality of deliveries through the multiple range phantoms was analyzed by reconstructing beam monitoring data from treatment delivery log files of the M-DDS. The dose delivery data log files were reconstructed on the 4DCT images containing a simulated water-box phantom. The dose delivery data log files and motion monitoring data log files, from the motion monitoring system (13), were parsed and reformatted into the TRiP4D treatment plan format. TRiP4D was then used to calculate (reconstruct) the delivered dose distributions from the reformatted files. The dose distributions were calculated on the same target volumes as used during treatment planning. We then compared the reconstructed, planned and measured dose distributions. The dosimetric quality metrics we selected to assess motion management included uniformity, conformity, dose coverage and overdose. Each of these metrics were calculated from dose volume histogram (DVH) data from planned and delivered dose reconstructions. Conformity number is



where VT,p is the portion of the CTV that receives a dose that is greater than or equal to the prescribed dose, Dp, VT is the CTV, and Vp is the volume that receives a dose that is greater than or equal to Dp (24). A CN value of 100% is ideal and, while there is no threshold for an acceptable CN, we considered > 60% to be acceptable. Homogeneity (HI), which is a measure of delivery uniformity, is



where D5 and D95 are the percentages of the prescription dose, Dp = 3 Gy, which are delivered to 5 % and 95 % of the tumor volume, respectively (25). An HI of 0 % is ideal and < 5 % was considered acceptable (26). Tumor dose coverage, which is the percentage volume of the CTV that received at least 95% of the Dp, is represented by V95. A V95 of 95% was considered clinically acceptable. Overdose, denoted by V107, is the percentage of the CTV that receives over 107 % of the prescription dose. Zero overdose is ideal. The acceptable ranges for these metrics were selected for the purposes of this study.

Each measured dose distribution was compared to the corresponding planned dose distribution and reconstructed dose distribution. The 3D generalized gamma index analysis (27), was used to quantify the degree of agreement between each pair of dose distributions. With the generalized gamma index analysis, we were able to objectively select magnitudes for the distance to agreement and dose difference criteria for our data set. This allowed for more accurate characterization of the dosimetric agreement in the low-dose region. Pass criteria of 3 % dose difference and 3 mm distance to agreement were applied in all cases. Pass rates of > 90 % were considered acceptable. The purpose of comparing measured and reconstructed dose distributions was to validate the accuracy of the dose reconstruction method. The purpose of comparing measured and planned dose distributions was to determine the amount of unintended delivered dose during beam gating and spill pauses.



Quality Assurance

We performed limited quality assurance (QA) on the beam output prior to dosimetry measurements. The QA comprised relative dosimetry, using the methods described by Luoni et al. (28). Specifically, the constancy of the beam output (relative absorbed dose) was measured with a farmer-type ionization chamber (PTW 30010 Farmer Chamber; PTW, Freiburg, Germany), placed at isocenter. The farmer chamber was inserted into a 30 × 30 × 1 cm3 water-equivalent plastic holder slab, with a water-equivalent point of measurement at 5 mm depth. A 5 × 5 cm2 square field of 2 Gy absorbed dose was delivered with 280 MeV/u carbon ion beams without range modulation. Each measurement was repeated three times. The same field was delivered to a film at 5 mm depth to measure field homogeneity. This QA approach was selected because it is well established, fast and because beamtime for QA procedures was severely limited at the time of this study.

We defined reference conditions to facilitate calibrations of two dosimeters (a 2D IC array detector and radiochromic films). The reference conditions comprise three major elements, namely, a reference radiation field, a reference phantom, and a reference measurement location. The reference radiation field comprised a 280 MeV/u carbon ion beam without range modulation and with an incident beam spot size of 6.7 mm full-width half maximum, delivered to a measurement depth of 5 mm, at isocenter.

We calibrated the 2D IC array detector and film to absorbed dose under reference conditions. The calibrations of these dosimeters were based on measurements of their responses to irradiations of known absorbed dose. The known absorbed dose was determined from dose reconstructions, which were previously calibrated and are described elsewhere (11). We simultaneously calibrated the IC array detector and films. The detector was positioned at isocenter, inside of a 31 × 40 × 4 cm3 box-like holder with 5 mm water-equivalent thick walls. A film was taped directly in front of the 2D IC array detector, inside the holder. A calibration plan was delivered that comprised eight 30 × 30 mm2 square fields, ranging in fluences from 5 × 104 to 1 × 107 particles/mm2, corresponding to absorbed doses of 0.1 to 9.9 Gy at 1 cm depth, in the plateau region. The initial beam energy was 280 MeV/u, and no additional range modulation was introduced. This interval of absorbed dose values was selected to encompass the dynamic range anticipated for the clinical deliveries and to remain within the dynamic range of optical densities for radiochromic films.

We used an established formalism to calibrate the IC array detector (13, 21, 29). These are briefly reviewed here for the convenience of the reader. The IC array detector was calibrated to absorbed dose to water under reference conditions. Measured absorbed dose is given by



where M is the measured response (corrected for leakage, temperature, and pressure) and C is the calibration coefficient under reference conditions, kQ corrects for the effects of the difference between the reference conditions and the non-reference conditions. We confirmed the stability of the previously determined value of C = 1.2 Gy per unit of measured response, following methods similar to those described by Stelljes et al. (30). The effects of non-reference conditions were negligible and kQ was approximated as unit value. The absolute absorbed dose values, at the same locations as the ICs and under reference conditions, were also reconstructed from delivery log files, which allowed us to calculate dosimetric outcomes from the reconstructions.

We used radiochromic films to simultaneously measure relative 2D absorbed dose distributions under reference and non-reference conditions. Films allowed for faster data acquisition at multiple depths during the limited beamtime available. They also provided the high spatial resolution needed to measure dose distributions distal to the wedge and density phantoms.

We used methods similar to those of Yonai et al. (31) for calibrating the film response to relative absorbed dose, which are briefly reviewed here for the convenience of the reader. First, the TPS was used to create a calibration plan under reference conditions, described above. The calibration plan was delivered to the radiochromic film, in the geometry described above. The exposed films aged for one day, then were digitized (DosimetryPro Advantage Red; VIDAR Systems Corporation, Herndon, VA, USA) using a 16-bit sampling and 300 dots per inch resolution. The net optical density of the scanned film was determined by



where ODm is the measured (scanned) optical density, and ODbkg is the background optical density scanned in an unirradiated area on each film. The ODnet was determined in the central region of each square field in the calibration film. The known absorbed dose values at the center of each square field, Dfilm, were fit to eight measured ODnet values according to



where Dfilm,uncorr is the uncorrected, measured absorbed dose from films, and kQ,film is a correction factor for changes in the film response due to changes in beam quality at non-reference conditions, including other depths. The value kQ,film corresponds to a factor that is called relative efficiency elsewhere (31, 32). By definition, kQ,film took a value of 1 at the reference condition used for the calibration. Under non-reference conditions, the value of the correction factor kQ,film corrected for changes in the film response due to quenching, which depends on beam quality, as specified by the beam’s linear energy transfer. Both Dfilm,uncorr and kQ,film were calculated using methods modified from Yonai et al. (31). The calibration procedure above was performed separately for each batch of film used.




Results

Figure 2 reveals that the reconstructed dose distributions agree well with the corresponding dose distributions obtained from measurements with film. This result confirms the suitability of the method for reconstructing dose distribution for the main purpose of this study, which is to assess the quality of dose distributions delivered by various techniques. We defer discussion of the results on confirming of the reconstruction methods until later in this section.




Figure 2 | Comparison of film measurements (top row) to dose reconstructions (middle row). The top row shows the films from a film stack for a multi-phase 4D delivery using 10 motion phases to the wedge phantom with 20 mm uniaxial motion. Films are ordered left to right with increasing depth in the wedge phantom. The depth increment between films is approximately 11 mm water-equivalent thickness. The corresponding dose reconstructions for the same delivery are shown in the middle row.




Dosimetric Validation

Relative dosimetry was performed prior to experiments by delivering a uniform square profile to a farmer-type IC and a radiochromic film. Output constancy was verified, and beam output ranged from 2.57 to 2.59 Gy at isocenter. Field homogeneity was also measured with the homogeneity index, and was 4.8%.

We assessed the dosimetric quality of deliveries through the wedge and the density phantoms. Measured absorbed dose distributions were compared to the corresponding dose distributions from reconstructions and treatment plans. Figure 3 plots the absorbed dose distributions for these deliveries, including those with a static target, moving target without motion compensation (revealing the extent of interplay), and moving target with the multi-phase 4D approach (revealing the effectiveness of motion mitigation).

Specifically, dosimetric quality was assessed with four metrics: conformity, homogeneity, coverage, and overdose (Figure 4). The major qualitative finding from these results is that 10-phase MP4D deliveries provided the best overall dosimetric quality. The major qualitative finding is that 10-phase and 6-phase MP4D deliveries had acceptable dosimetric quality, while quality metrics for 3-phase MP4D were mixed. Figures 2, 3 reveals that the reconstructed dose distributions agree well with measurements. Acceptable conformity (CN > 60 %) was obtained in all MP4D deliveries with 6 and 10 phases. However, at least 10 motion phases were required to achieve acceptable homogeneity (HI < 5 %) of the absorbed dose in the CTV. Fewer motion phases produced unacceptably large heterogeneities, due to interplay effects within each motion phase (so-called “residual motion”). The average HI value for all of the 10-phase MP4D deliveries (both phantom types and CTV shapes) was 8 %, approaching the criteria of < 5 %, which was achieved for static deliveries and is considered acceptable for other deliveries. Target coverage was 100 % for 10-phase MP4D deliveries and was > 98 % for 6-phase MP4D deliveries, also approaching the ideal results of 100%, which were obtained from deliveries to a static target. These findings on coverage and heterogeneity are qualitatively supported by dose distributions plotted in Figure 3, which shows that the MP4D approach produces similar results for the static and 10-phase MP4D deliveries. It was expected that the deliveries using 10 motion phases would have superior results, since the residual motion was less than that with 6 or 3 motion phases. The increasing homogeneity is also seen in Figure 5, where the range of average measured absorbed dose values narrow with increasing number of motion phases. Here, the average absorbed dose was within ± 1.5 % of the prescription dose for MP4D deliveries. Finally, the 10-phase MP4D approach produced hotspots in the CTV that were < 103% of the prescribed absorbed dose. Together, these findings suggest that the 10-phase MP4D approach provides good dosimetric quality that closely approaches the quality that was achieved for static-target deliveries.




Figure 3 | Comparison of 2D ionization chamber array detector measurements to dose reconstructions. The bottom row shows measured absorbed dose values (values inside of small white squares) overlaid on reconstructed absorbed dose distributions (values outside of the small white squares). The dose distributions are distal to the density phantom (see Figure 1). Distributions are from four delivery techniques: static target, moving target without motion compensation (interplay), and moving target with multi-phase 4D motion compensation. Multi-phase 4D deliveries are shown using 3, 6, and 10 motion phases in the treatment plan libraries.






Figure 4 | (A) Dose coverage (V95), (B) conformity (CN), (C) overdose (V107), and (D) homogeneity (HI) for static deliveries to stationary targets (static), static deliveries to moving targets (interplay), and 3-phase, 6-phase and 10-phase multi-phase 4D deliveries to cube and ellipsoid target volumes through the wedge and density phantom.






Figure 5 | (A) Average measured absorbed dose versus delivery technique evaluated using the density and wedge phantoms. The dashed grey lines delineate the ± 5 % tolerance interval centered about the prescription absorbed dose of 3 Gy and the bars indicate the spread measured dose values from each ionization chamber (IC) of the 2D IC array detector in the clinical target volume (CTV) (B) Homogeneity (HI) and coverage (V95) for measured versus reconstructed absorbed dose distributions in the target volume. Dosimetric quality was calculated in a single iso-energy slice within the CTV and in the entire CTV for each delivery. All delivery techniques for both phantom types and for both VOIs are plotted. Data points that fall on the line indicate full agreement of measured and reconstructed HI and V95 values.





Effectiveness of Multi-Phase 4D Delivery

The results of MP4D deliveries also yielded important findings regarding over- and undershoot of the beam range and regarding the inverse interplay effect. Regarding range effects, absorbed dose distributions from treatment plans and dose reconstructions are shown in Figure 6 (SlicerRT, Kingston CA), which illustrates that static robust optimization created dose distributions with range over- and undershoots. These are a consequence of taking the large range uncertainties in low density material of the phantom into account. These range effects manifest distal to the cavities of the density phantom, near the end of range. The MP4D approach reduced these range defects as, the dose delivered to these regions were “blurred out” by delivering multiple sub-plans to the target volumes. Regarding the inverse interplay effect, the MP4D approach exhibited no dose defects from this (Figures 6B, D). The inverse interplay effect is a serious concern that is associated with the beam tracking delivery approach (15). With beam tracking, the beam spot positions are modified from their planned positions to compensate for detected real-time motion. This can deliver uniform doses to the target but introduces hotspots and cold spots in the beam path, proximal to the target in healthy tissue. With the MP4D approach, there were no hotspots in the proximal healthy tissue. Instead, the lateral extent of the irradiated healthy tissue was broadened by the amplitude of the target motion. These findings on range defects and inverse interplay further suggest that MP4D approach can provide high quality deliveries.




Figure 6 | Dose distributions in ellipsoid targets (white ovals) for (A) static and (B) 10-phase multi-phase dose deliveries through the wedge phantom and for (C) static and (D) 10-phase multi-phase 4D deliveries through the density phantom. Plans were robustly optimized and deliveries were reconstructed from beam delivery log files and motion monitoring log files.



Figure 2 reveals that the dose reconstruction methods were confirmed by measurements. In particular, high gamma-index pass rates confirmed the accuracy of the treatment planning and dose reconstructions in this study. Specifically, we compared dose distributions from measurements with the IC detector array to those from the corresponding log file reconstructions (Figure 7C) and treatment plans (Figure 7B) obtained with moving targets. Average pass rates increased with the number of motion phases, due to the decreasing residual motion within each motion phase. In all cases, reconstructed dose distributions agreed well with measured dose distributions (Figure 7C), with pass rates > 90 %, confirming the validity of the dose reconstruction strategy. Gamma index analysis pass rates were lower for comparisons between planned and measured dose distributions and only static deliveries and 10-phase MP4D deliveries had pass rates > 90 %.




Figure 7 | Gamma index analysis pass rates versus beam delivery technique. The pass rates indicate good agreement between measured absorbed dose distributions and (A) reconstructed absorbed dose distributions for the static delivery, (B) planned absorbed dose distributions and (C) reconstructed absorbed dose distributions. Comparisons were made for static deliveries to stationary targets (static), static deliveries to moving targets (interplay), and multi-phase deliveries to moving targets with 3 phases, 6 phases, and 10 phases of motion compensation. Pass rates showed only a weak dependence on phantom type (wedge or density types) and target shape (cube or ellipsoid types).



Similarly, we compared all dose distributions from measurements to reconstructions of static deliveries (Figure 7A). This comparison provided important contextual information on the magnitude of dose degradations that were caused by target motion occurring within a motion phase and without motion compensation. Pass rates were < 90 % for comparisons between static reconstructions and 3 phase MP4D measurements and were < 60 % for comparisons between static reconstructions and interplay deliveries. For planning studies, 10 or more motion phases should be selected.

The total delivery time was calculated from treatment log files. Average total delivery time for static ellipsoid deliveries was 7.4 min. The relative increase in delivery time for 3-phase, 6-phase and 10-phase MP4D deliveries, compared to static deliveries, was 7%, 17%, and 21%, respectively. This suggests that the MP4D method provides motion-mitigated deliveries with increases to delivery time that would be well-tolerated by most radiotherapy patients and compatible to existing patient caseloads.




Discussion

In this study, we validated the dosimetric performance of a novel multi-phase 4D treatment approach with deliveries to heterogenous phantoms. Specifically, we measured dosimetric quality of absorbed dose distributions from plan libraries delivered through two phantoms. The major findings of this study are that the multi-phase 4D (MP4D) dose delivery approach has acceptable dosimetric quality without introducing inverse interplay effects.

The implication of this study is that MP4D delivery offers a promising new alternative approach to motion mitigation that provides good dosimetric quality with moderate technical complexity. The magnitude of technical complexity is an important characteristic because it can be a barrier on the path of translation of new technologies to clinical practice. One such technology, ion beam tracking, entails rapidly modifying planned beam spot positions to the real-time detected target motion (12, 33). Consequently, the dose distributions delivered to a patient cannot be fully confirmed by pre-treatment quality assurance testing. One type of beam tracking, called 4D-optimized tracking, that pre-computes tracking vectors to take anatomical motion from 4DCTs into account during planning, still exhibited inverse interplay effects and other dose degradations (10). The process of adjusting planned beam spot positions with tracking vectors results in cold- and hotspots in the proximal normal tissues. Our results suggest that, in the absence of respiratory-motion-related uncertainties (baseline drifts and changes to the tumor trajectory), clinically acceptable projected therapeutic outcomes could be achieved with the MP4D approach without inducing significant hotspots in normal tissues (due to inverse interplay effects) and the target volume (due to interplay effects). This study provides new evidence that, when considered with other recent studies (13, 29), suggest it may be feasible to translate the MP4D approach to clinical practice for both carbon ion and proton beam treatments. It must be emphasized that the MP4D approach is still in the early stages of preclinical development and testing; further work is needed to understand how dosimetric quality is impacted by irregular motion (e.g., baseline drifts and changes to target trajectories caused by coughs and sneezes). Furthermore, additional research is needed to implement and evaluate MP4D deliveries with real-time corrective tracking and to compare the MP4D approach to the 4D-optimized tracking approach.

This work is broadly coherent with previous literature on motion mitigation approaches for proton and ion therapies. Our findings extend previous preliminary studies that suggested feasibility of a novel dose delivery system (M-DDS) with integrated motion-synchronization strategies (13, 29). The MP4D delivery approach poses a straightforward solution to solve the limitations of 3D tracking and 4D-optimized tracking. Previous research at GSI focused on 3D tracking, which required utilizing a fast wedge system to modulate beam spot delivery depth and compensate for motion-induced target depth changes in real-time, during treatment delivery (33, 34). Experiments confirmed the range compensation capabilities of this system. The 3D tracking method was reported by Saito et al. (33), and compensated for translational target motion (only), but beam spot delivery accuracy was still within 5 mm in the lateral and longitudinal directions. Importantly, this work revealed several complications with potentially important clinical implications for certain situations. First, the so-called “inverse interplay” effect was observed, due to differences in motions of the target and the tissue of the entrance channel (35). Second, complex motion, such as tumor rotations or deformations could not be fully compensated for (36). Finally, for tissues with large heterogeneities, no solution was found to compensate for motion-induced range changes. 4D-optimized tracking (12), or online adaptive tracking (37) partially solved the latter problem. However, that 4D tracking implementation encountered several obstacles, including limitations on the available hardware speed and memory, and difficulties with synchronizing the system timing. These issues rendered the system obsolete; it was dismantled and replaced with the motion-synchronized dose delivery system described here and elsewhere (13).

In consideration of the above, the MP4D delivery strategy is generally less complex, and allows for integrating a variety of treatment planning strategies, such as 4D optimization (38). It also accommodates the pre-treatment quality assurance methods similar to those currently used clinically (29). Our findings on dosimetric quality are comparable to those of the system at NIRS. At NIRS, phase-controlled rescanning is used to deliver a full set of rescans during each gating window (39). X-ray fluoroscopy detects when the tumor is within a pre-defined gating window, resulting in accurate treatment to the tumor volume. Typical results for phase-controlled rescanning were a D95 of over 95 %. Further, clinical outcome data revealed 2-year survival rates were as high as 82 % for stage 3 lung cancers treated with passive ion beams (40). This method relies on the fast-scanning magnets of the HIMAC accelerator at NIRS, and slower beam deliveries may not be able to achieve the same results. In contrast, our approach allows for continuously adapting the delivery sequence to detected motion, with minimal delivery pauses (a maximum 21% observed increase to total delivery time with regular motion), and with minimal residual motion during active beam delivery. For these reasons, it appears that the MP4D approach may find broader applicability than is possible with other approaches.

Our study has several strengths. First, we performed all of our measurements with a modular and portable dose delivery system (13), with integrated solutions for motion-synchronized dose delivery. This is potentially broadly applicable and the M-DDS has already been demonstrated at multiple centers, including CNAO and GSI. Additionally, as the motion mitigation portion of the M-DDS is an optional module, the M-DDS requires no modifications to run either with or without the motion mitigation module. This allows for implementing the M-DDS in a stepwise manner into existing facilities. We also selected methods for assessing dosimetric quality that are standard techniques within ion therapy centers (26, 41). Further, the range changes were measured by delivering beams to simple phantoms rather than anthropomorphic phantoms (42–44), eliminating additional variables, such as range uncertainties associated with variations in tissue density, irregular breathing patterns, and generally more complex range changes that are found in a human anatomy. As a result, the delivery quality more directly reflects the capabilities of the MP4D deliver approach. Nevertheless, geometries that are more complex could further confirm that our motion-synchronized dose delivery strategy can compensate for range changes and represent scenarios that are closer to clinical conditions. Further, in later stages, pre-clinical tests will be performed with anthropomorphic phantoms to characterize the full capabilities of the M-DDS.

Our study had several limitations. At the time of these experiments at GSI, our beam gating system (based on radiofrequency knockout extraction) could not yet fully gate the beam (21), and the accelerator system could not yet provide beams of multiple energies in any one delivery. We discuss both of these limitations in detail here. The inability to completely gate the beam results in an insignificant but observable amount of undesired radiation that only slightly degraded the dose distributions. Specifically, a trend was apparent (Figure 7) that, as the number of motion phases increased, the average absorbed dose in the CTV increased as well. The increase was under 0.4% undesired, additional dose. To overcome the limitation of having only single energies available, a passive range shifter system was utilized to modulated beam energy and range. Due to the additional material and air gaps between the range shifter plates, the beam spot size was strongly dependent on the amount of range shifter material (29). This was not a serious limitation, as the range compensation capabilities could still be demonstrated, and the TRiP4D TPS was updated to take the correct spot sizes into account in the dose calculation algorithm. In the next stage, the experiments reported here will be reproduced at CNAO, where the gating system is tuned for therapy and beam energies of 120 – 400 MeV/u are available for carbon ions (20). Another limitation of our study is that we have not tested the MP4D delivery strategy under more complex respiratory scenarios, including baseline drifts, changes to breathing amplitude and changes to breathing speed, as well as more extreme respiratory irregularities, including coughing. Some of these irregular motion scenarios could result in cold and hotspots in the target volume and dose to surrounding tissue. These capabilities will be implemented in later stages, along with improved beam gating, which will be used for handling unforeseen motion, including coughing. Finally, we did not compare the MP4D delivery strategy to other motion handling methods currently used in clinics [including the gating methods, and ITV-based deliveries with rescanning (45)] or study the results of combining motion mitigation strategies. These strategies are studied in detail elsewhere (45, 46), and delivery degradations in the complete absence of motion mitigation are shown in this study.

The results presented in this work are part of an ongoing effort to develop motion-synchronized dose delivery strategies at GSI. The motion-synchronized dose delivery system was previously assessed for safety (29), and the strategy has been validated against other approaches, including ITV-based deliveries with rescanning (45). In the future, dose degradation due to irregular motion and differences between motion during imaging and during delivery will be quantified, and corrective motion tracking will be implemented to correct for irregular target motion. The long-term goal is to translate the multi-phase 4D delivery approach and motion-synchronized dose delivery system into clinical use at CNAO.



Conclusions

We validated the dosimetric performance of multi-phase 4D treatment delivery with scanned ion beams in the presence of multiple beam ranges. The results of this work demonstrate that it is possible to deliver motion compensated dose distributions in the presence of anatomical heterogeneities. Notably, the dosimetric performance was achieved without high technological demands or specialized equipment for mitigating target motion.
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Rectum and bladder volumes play an important role in the dose distribution reproducibility in prostate cancer adenocarcinoma (PCa) radiotherapy, especially for particle therapy, where density variation can strongly affect the dose distribution. We investigated the reliability and reproducibility of our image-guided radiotherapy (IGRT) and treatment planning protocol for carbon ion radiotherapy (CIRT) within the phase II mixed beam study (AIRC IG 14300) for the treatment of high-risk PCa. In order to calculate the daily dose distribution, a set of synthetic computed tomography (sCT) images was generated from the cone beam computed tomography (CBCT) images acquired in each treatment session. Planning target volume (PTV) together with rectum and bladder volume variation was evaluated with sCT dose-volume histogram (DVH) metric deviations from the planning values. The correlations between the bladder and rectum volumes, and the corresponding DVH metrics, were also assessed. No significant difference in the bladder, rectum, and PTV median volumes between the planning computed tomography (pCT) and the sCT was found. In addition, no significant difference was assessed when comparing the average DVHs and median DVH metrics between pCT and sCT. Dose deviations determined by bladder and rectum filling variations demonstrated that dose distributions were reproducible in terms of both target coverage and organs at risk (OARs) sparing.




Keywords: carbon ion radiotherapy (CIRT), high-risk prostate cancer, image-guided radiotherapy (IGRT), inter-fraction anatomical changes, dose-of-the-day calculation, deformable image registration (DIR)



Introduction

Essential issues in prostate cancer adenocarcinoma (PCa) irradiation are prostate motion and shape variations due to rectum and/or bladder filling modifications (1), which may strongly affect the target dose distribution and Organs at Risk (OAR) sparing (2). In order to maintain consistent rectum and bladder volume throughout the treatment, preparation instructions about food and fluid intake are usually given to each patient before treatment simulation and delivery. Despite this, inter-fractional unpredictable OAR volume variation might occur, and the reproducibility of dose distribution remains essential to providing an adequate and safe treatment of patients.

In this context, image-guided radiation therapy (IGRT) is essential to ensuring treatment efficacy and safety. In recent years, the introduction of new advanced techniques of IGRT using online cone beam computed tomography (CBCT) allows the tracking of daily positioning and anatomical changes of patients in treatment position. It also has the potential to be used to evaluate the dose-of-the-day distributions in comparison to the dose distribution calculated on the planning computed tomography (pCT) (3).

Since 2016 at the Centro Nazionale di Adroterapia Oncologica (CNAO, Pavia, Italy), we have enrolled patients in the phase II clinical trial with a mixed-beam approach for prostate irradiation, in collaboration with Istituto Europeo di Oncologia IRCCS (IEO) and Fondazione IRCCS Istituto Nazionale dei Tumori (INT) in Milan, Italy. The irradiation scheme consisted of a hypo-fractionated carbon ion radiotherapy (CIRT) anticipated boost to the prostate, followed by photon intensity modulated radiation therapy (IMRT) to the prostate and pelvic lymph nodes (grant AIRC IG 14300) (4).

The rationale of the hypo-fractionated CIRT boost is to escalate the biological dose to the target by exploiting carbon ion favorable physical and biological properties. The higher radiobiological effectiveness (RBE) of carbon ions on cancer radioresistant clones and more hypoxic tumor components (5) should enhance the efficacy of the subsequent photon phase of the scheme, delivered with conventional fractionation. Safety and effectiveness data on CIRT are derived from Japanese experience, where CIRT has been employed for unresected PCa since 1995 at the National Institute of Radiological Sciences (NIRS, Chiba, Japan), with excellent clinical toxicity and efficacy outcomes (6, 7).

Our study aimed to evaluate the impact of bladder and rectum filling variations in the CIRT dose-of-the-day distribution of target and OARs in the context of our phase II mixed beam study for high-risk PCa. Additionally, our IGRT and patient preparation protocol reliability was assessed, evaluating the dose distribution reproducibility during the treatment course using CBCT data.

Dose evaluation on daily CBCTs for particle therapy is challenging due to increased scatter, beam hardening, Hounsfield unit (HU) inaccuracy and often small field-of-view (FOV) sizes (3). In this study, we proposed a method for dose-of-the-day calculation. Synthetic computed tomography (sCT) images were obtained by deforming pCT images into the daily CBCT frame of reference. Subsequently, the pCT Hounsfield units (HUs) were transferred to sCT to obtain the corresponding stopping power maps for CIRT dose calculation.



Material and Methods


Patient Cohort

We retrospectively analyzed treatment and imaging data of 16 consecutive patients, enrolled from 2016 to 2020 in a phase II study for CIRT boost treatment at CNAO, diagnosed with high-risk PCa according to the inclusion criteria previously described in Marvaso et al. (4). Patients’ enrollment started after trial approval from all treating centers’ Ethical Committees (8). The selected patients underwent carbon-ion boost at CNAO, followed by photon intensity-modulated radiotherapy (IMRT) at IEO or INT, and signed informed consents at the coordinating center prior to treatment. Daily imaging data sets of two patients were incomplete and excluded from the study.



Target Definition and Treatment Planning

The simulation CT acquired at CNAO was registered with the magnetic resonance (MR) image set for clinical target volume (CTV) delineation. The CTV included the prostate and the proximal third of the seminal vesicles. According to the protocol, planning target volume (PTV) was created by adding safety margins to the CTV, 5 mm in all directions. Rectum, bladder, bowel, and femoral heads were contoured as OARs for plan optimization with the following constraints for the boost phase: rectum D0.03cm3 ≤ 100%, V16Gy(RBE) ≤ 5%, V15Gy(RBE) ≤ 20%, bladder D0.03cm3 ≤ 102%, V15Gy(RBE) ≤ 35%, femoral head V10Gy(RBE) ≤ 15%, and bowel V16.6Gy(RBE) = 0%. Target coverage objectives were PTV D98% ≥ 95%, D0.03cm3 ≤ 107%, and median dose ≤ 102%. Priority was given to OAR dose constraints over PTV coverage for boost plans. More details on the cumulative plan acceptance criteria can be found in Gugliandolo et al. (8).

A total dose of 16.6 Gy (RBE) in four fractions (4.15 Gy (RBE)/fraction, over 1 week) was delivered for the CIRT anticipated boost at CNAO. Afterward, patients received a whole-pelvis IMRT of 50 Gy in 25 fractions at IEO or INT. In this study, only the CIRT treatment phase was considered.

Since no gantry was available, two opposed lateral beams were delivered using a fixed horizontal line and rotating the couch. This beam orientation was chosen to avoid placing the rectum and bladder distally from the beam (9), where range uncertainties can strongly degrade the dose distribution (10). The planned dose was delivered with pencil beam scanning technique with lateral spot spacing and energy layer spacing of 2 mm.

Treatment plans were optimized with RayStation v8.1 Treatment Planning System (TPS, RaySearch Laboratories Stockholm, Sweden). In order to mitigate range and setup uncertainties, a robust planning strategy was used based on minimax optimization, with setup and range uncertainties of 2 mm in all directions and 3%, respectively (11). The RBE-weighted dose was determined according to the local effect model LEM I (12) with an ideal α/β ratio of 2 Gy.



Patient Positioning

For each treated patient, a pCT was acquired on a SOMATOM Sensation Open CT scanner (Siemens Medical Systems, Germany) using a slice thickness of 2 mm with a pixel spacing of 0.98 × 0.98 mm with machine parameters varying in the interval of 190–300 mAs at 120–140 kV.

During the pCT acquisition and the whole treatment course, all patients were immobilized in supine position with a pelvic personalized solid thermoplastic mask (Renfu Medical Equipment, Guangzhou, China) fixed on an indexed base plate. In addition, customized large cushions (TOTIM® Patient Cushions Immobilization System, Essebi Medical SRL, Faetano, San Marino) were used in combination with knee and foot holders. An MR scan (Siemens Medical Systems, Germany) in the same setup condition was acquired after the pCT.

Patients were asked to empty the rectum with two micro enemas and drink 500 ml of water after bladder voiding, 30 minutes before starting the CT examination and before each treatment fraction, in order to maintain consistency in rectum and bladder filling and have a comfortable position with the rigid mask.

Before treatment delivery, patient setup optimization was image-guided by acquiring double planar orthogonal kV images in the anteroposterior and right–left directions. The acquired images were aligned automatically (after a preliminary manual alignment when necessary) to the corresponding digitally reconstructed radiographs (DRRs). Subsequently, the six degrees of freedom robotic couch (13) compensated for the estimated translations and rotations. After patient setup adjustment (14) and before treatment delivery, a daily CBCT was acquired for soft tissue anatomical change inspection purposes. Each CBCT image was evaluated by a radiation oncologist (RO), and if rectum or bladder filling was considered inadequate for treatment, the patient was asked to repeat the preparation.

CBCT images were acquired with a non-isocentric, custom-designed robotic imaging system (15). About 600 projective images were acquired during 220° gantry rotation around the patient. CBCT acquisition parameters were set to 120 kVp and 31 mAs. According to this clinical workflow, the bony anatomy imaged in the CBCTs is intrinsically co-registered to the pCT. The validity of this assumption was assessed by computing the 3D–3D registration between CBCTs and pCT, which resulted in sub-millimeter/degree of setup residuals.

CBCT volumetric images were reconstructed with a spatial resolution of 1 × 1 × 1 mm and stored in Meta Image file format (text-based tagged file format ".mha"). For this study, the axial field of view (FOV) of the CBCT was reduced to a diameter of 200 mm in order to mitigate the truncation artifacts. In addition, CBCTs were converted in DICOM format with the same frame of reference of the planning CT, for loading into the RayStation TPS.



Synthetic CT of the Day and Dose Recalculation

The sCTs were created by deforming the initial pCT (target image set) on each daily CBCT (reference image set) by using the ANAtomically CONstrained Deformation Algorithm (ANACONDA) implemented in RayStation TPS (16). We mainly exploited the structure-based approach of the algorithm discarding the image intensity information during algorithm computation and focusing the deformation on the CBCT FOV. At first, femur heads and other pelvic bones, including sacrum and coccyx, contoured as landmarks on the pCT, were cropped according to the CBCT FOV. Subsequently, these contours were rigidly transferred on each CBCT. CTV, PTV, rectum, bladder, and bowel were manually re-contoured on each CBCT for each patient by an in-training RO and verified by an experienced RO. PTV, rectum, bladder, and the FOV-cropped bony structures were used as controlling regions of interest (ROIs) to drive the deformation. The deformation vector field was estimated with a resolution comparable to pCT of 1 × 2 × 1 mm/voxel in right–left, inferior–superior, and posterior–anterior directions, respectively. Each resulting deformation vector field was exported from RayStation and applied to the pCT using Plastimatch (version 1.9.0), yielding a sCT. The resulting sCT mimicked the original pCT outside the CBCT FOV, where the deformation vector field was zero, while inside the FOV the pCT was deformed according to the soft tissue geometry as detected in the CBCT. The planned dose distribution was recalculated on each sCT to have a reasonable estimation of the patient delivered dose on the anatomy of each treatment session. The resulting sCTs were evaluated in terms of quality of the deformation, analyzing the correspondence of bladder, rectum, prostate, and bones position between sCTs and CBCTs and confirming the absence of the deformation field outside the CBCT FOV. A schematic representation of the method described here to generate a sCT for dose-of-the-day recalculation is depicted in Figure 1.




Figure 1 | Representative example of the study workflow. Bladder (blue), rectum (orange), clinical target volume (CTV) (red), and planning target volume (PTV) (green) were contoured both on planning computed tomography (pCT) and on cone beam computed tomography (CBCT). Bony anatomy (violet) was delineated in pCT and rigidly propagated on CBCTs. The deformation vector field was estimated considering the delineated structures as “controlling ROIs,” focusing on the CBCT field of view. The planned dose distribution was then recalculated on the resulting synthetic CT (sCT).





Data Analysis

Inter-fractional changes in patient anatomy were estimated computing bladder, rectum, and PTV volume variations between planning and treatment fractions. The coefficient of variation (CV) of the structure volumes was investigated for the whole patient cohort and each patient separately.

Average DVHs were obtained for the PTV, rectum, and bladder for pCT and sCT dose distributions, and the standard deviation of the population was computed at each dose level.

Treatment plan dose constraints for the bladder and rectum, together with PTV coverage objectives, were verified on each recalculation plan. The following DVH-based metrics were extracted for the pCT and each sCT: V5Gy(RBE), V10Gy(RBE), V15Gy(RBE), and V16Gy(RBE) for rectum and bladder, and D95%, D98% D50%, D2%, and D0.03cm3 for PTV. sCT metric deviations from the planning values were evaluated with the Wilcoxon signed-rank test.

Finally, correlations between the bladder and rectum volumes, and the corresponding DVH metrics, were evaluated with the Spearman correlation test.




Results

A total of 56 CBCTs were evaluated: 4 daily CBCTs for each of the 14 enrolled patients.

Volumes of bladder and rectum varied across patients and fractions. Figure 2A shows the bladder, rectum, and PTV simulation contours on the planning CT, with the contours derived from the daily CBCTs superimposed, for P7, as an example. For bladder, a higher-volume variability across patients and treatment fractions was found (ranging from 44 to 455.5 cm3, CV: 54.2%), as compared to rectum (ranging from 22.9 to 65.3 cm3, CV: 25.4%) and PTV (ranging from 60.2 to 146.5 cm3, CV: 21.0%). Figure 2B shows the distribution of organ volumes at pCT and during the treatment course, considering the whole patient cohort. According to the Wilcoxon test, there was no significant difference in the bladder, rectum, and PTV median volumes between the pCT and the CBCTs acquired during the treatment course (Table 1).




Figure 2 | (A) Representative planning image with planning computed tomography (CT) contours of planning target volume (PTV) (blue line) and rectum and bladder (orange lines), with contours delineated on cone beam CTs (CBCTs) superimposed (light-blue and green lines). (B) Boxplots for bladder, rectum, and PTV volume at planning CT and CBCT for the whole cohort.




Table 1 | Comparison of volumes and dose–volume histogram (DVH) indices of bladder, rectum, and planning target volume (PTV) at planning CT (pCT) and at synthetic CTs (sCTs) for all the patients.



Considering each patient separately, the volumes of bladder and rectum on the CBCTs were different compared to the volume on the pCT. Volume variations during the CIRT course were mostly patient-dependent: CV of bladder volume ranged from 8% for P13 to 70% for P6. Similarly, CV for rectum varied between 2% for patient P11 to 35% for P6 (Figure 3).




Figure 3 | Bladder and rectum volume at planning CT (red squares) and at each cone beam CT (dark symbols) for all the patients separately. Graphical shades indicate the extent of volume variability.



In addition, no significant difference was found when comparing planned and treatment average DVHs as in Figure 4, and median DVH metrics between pCT and CBCTs for rectum, bladder, and PTV (Table 1).




Figure 4 | Average dose–volume histograms (DVHs) for planning target volume (PTV), rectum and bladder calculated on planning CTs (pCTs) (red lines), and synthetic CTs (sCTs) (green lines), with corresponding error bands (± 1 standard deviation) together with bladder/rectum dose constraints and PTV coverage objective.



Distributions of DVH parameters for bladder, rectum, and PTV are presented separately for each patient in Figures 5–7, respectively. pCT treatment plans always satisfied all OAR constraints. Bladder V15Gy(RBE) ≤ 35% was always met except for P11 for three out of four fractions. Rectum V16Gy(RBE) ≤ 5% and V15Gy(RBE) ≤ 20% dose constraints were met in 47 (84%) and 50 (80%) recalculation plans, respectively. In only one case (P3), rectum dose constraints were not met in all the recalculation plans. When considering high doses, no hot spots were found either in the rectum or in the bladder, with D0.03cm3 below 100% and 102% of the prescribed dose, respectively.




Figure 5 | Distribution of bladder dose–volume histogram (DVH) metrics (V16Gy(RBE), V15Gy(RBE), V10Gy(RBE), V5Gy(RBE)) for each patient at planning CT (red squares) and at each synthetic CT (sCT) (dark markers). Colored range bars indicate the maximum variation extent within a single patient. The bladder constraint V15Gy(RBE) ≤35% is indicated as a black line. CBCT, cone beam computed tomography; fr, fraction.






Figure 6 | Distribution of rectum dose–volume histogram (DVH) metrics (V16Gy(RBE), V15Gy(RBE), V10Gy(RBE), V5GY(RBE)) for each patient at planning CT (red squares) and at each synthetic CT (sCTs) (dark markers). Colored range bars indicate the maximum variation extent within a single patient. The rectum constraints V16Gy(RBE) ≤5% V15Gy(RBE) ≤20% are indicated as a black line. CBCT, cone beam computed tomography; fr, fraction.






Figure 7 | Distribution of PTV DVH metrics (D98%, D95%) for each patient at planning CT (red squares) and at each synthetic CT (sCTs) (dark markers). Colored range bars indicate the maximum variation extent within a single patient. Target coverage objective PTV D98% ≥95% is indicated as a black line. CBCT, cone beam computed tomography; fr, fraction.



Median PTV D98% and D95% for treatment planning were not significantly higher compared to the sCT-recalculated plans (Table 1). The PTV coverage objective (D98% ≥ 95%) was achieved in 12 of the 14 pCT optimized plans (85.7%), while this dose criterion was met in 34 of 56 (60.7%) cases in the recalculation plans (Figure 7). Concerning the hot spots, D0.03cm3 was lower than 107% of the prescription dose in all the cases.

In order to assess how bladder and rectum filling might affect OAR dose distribution, we considered these OARs’ overlap volumes with the 16-Gy (RBE) and 15-Gy (RBE) isodoses for each patient treatment plan. No correlation was found between the variation in rectum and bladder volume as compared to the pCT and the variation in the OAR overlap volume. In particular, rectum correlation coefficients were 0.19 (p-value: 0.156) and 0.34 (p-value: 0.011), respectively, whereas for bladder, correlation coefficients were 0.10 (p-value: 0.444) and 0.11 (p-value: 0.425).

On the contrary, the correlation between the absolute volumes of rectum and bladder with the respective absolute volumes receiving 16 Gy (RBE), 15 Gy (RBE), 10 Gy (RBE), and 5 Gy (RBE) increased as the considered dose decreases. For rectum, in particular, the correlation coefficient increased from 0.40 to 0.55 (p-value <<0.001), while for bladder the coefficient increased from 0.34 (p-value: 0.0038) to 0.61 (p-value<<0.001). The greater the OAR absolute volume, the greater the absolute volume receiving low doses.

A statistically significant correlation was found between the bladder absolute volume variation at pCT and CBCTs and the DVH metric variation at pCT and CBCTs expressed as a percentage of the corresponding volumes when considering the entire patient cohort. If bladder volume decreased during treatment, the percentage of bladder volume receiving 16 Gy (RBE), 15 Gy (RBE), 10 Gy (RBE), and 5 Gy (RBE) increased (correlation coefficient >0.5, p-value <<0.001).



Discussion

The impact of inter-fractional variation in urinary bladder volume and rectum filling on daily dose distribution during CIRT for high-risk pCA was investigated in 14 patients enrolled in the AIRC IG 14300 grant frame (4).

For dose calculation on daily CBCT, we generate a sCT to overcome various CBCT limitations that forbid CIRT dose calculation. So far, sCT has been reported for proton dose calculations (17). This approach, based on Deformable Image Registration (DIR), has the advantage of not introducing HU inaccuracies in sCT images since the deformation does not modify the original pCT numbers. The distribution of HU between pCT and sCT was consistent for each contoured structure (bladder, rectum, PTV). Nonetheless, we are aware that this method has several issues that have to be addressed. Firstly, the air pockets eventually found in the CBCT images were propagated in the sCT, or conversely, when air pockets were found in the pCT they were not propagated in the sCT (18). However, considering the beam irradiation geometry, such areas were not included in the beam path. Secondly, the limited CBCT FOV resulted in incomplete patient external contour. Assuming that simulation CT was a reasonable estimation of the patient anatomy not included in the CBCT, pCT data were used to compensate for this missing information (19). Moreover, DIR could deform bones when large deformation occurs close to bony structures (20). To overcome any unrealistic bone deformations, we included bone ROI as a shape constraint during DIR computation.

One of the main goals of this study was to evaluate the validity of our IGRT approach consisting in bone-matching followed by CBCT acquisition. At present, the primary IGRT approach for moving targets, including pCA treatment positioning verification in particle therapy, consists in DRR bone-matching or target (prostate)-matching using implanted fiducials. Using orthogonal X-ray images for patient positioning verification is the standard procedure for CIRT in most centers (21). In our investigation, we found only very slight displacements of the PTV center of mass as determined by the contours on the sCT obtained from CBCT, with median (IQR) of 0.1(0.3)mm, -0.3(1.3)mm, and -0.3(0.5)mm toward the right, anterior, and inferior directions, respectively. These values were smaller than the prostate displacement found with IGRT techniques for photon IMRT prostate treatment (22). One possible explanation could be patient mask immobilization for CIRT, which might strongly reduce bowel and pelvic anatomy changes and thus prostate displacement (2). Looking at our results in terms of target displacement, our PTV margins (5 mm in all directions) appear suitable for the considered patient population.

Maeda et al. (23) reported that prostate-matching was more reliable than the bone-matching approach regarding rectum dose constraint adherence and target coverage in prostate proton therapy delivered with geometry of two opposed beams. At CNAO, thin golden filaments called Gold Anchor™ were investigated to assess the improvement in prostate position verification (24). Their visibility on both CT and radiographic images and the possible perturbation of the carbon ion beams were investigated through tests in an anthropomorphic phantom and turned out to be acceptable. In the future, we aim to implant the Gold Anchor™ seeds in some patients to perform further validation of our IGRT protocol, comparing prostate-matching versus bone-matching approach for patient positioning before CBCT acquisition.

Another essential purpose of the presented study was the validation of our patient preparation protocol. Bladder filling or rectal gas movement may influence the prostate position and therefore affect the target coverage. In parallel, the rectum and bladder could eventually receive unwanted hot spots if such OARs move in the high-dose treatment area resulting from the two-lateral opposed beam irradiation geometry.

At present, optimal rectum and bladder filling conditions for prostate external beam photon RT are still debated. In our study, patient preparation aimed at achieving a comfortable bladder filling compatible with pelvic mask compression and treatment duration while preventing major rectum and bladder volume variation compared to simulation conditions. Despite that precise fluid intake instructions were given to the patients, bladder volume varied considerably during the CIRT course in the analyzed patient cohort—as for P7, a patient with important obstructive urine retention. To a lesser extent, also the volume of the rectum varied among the fractions during the CIRT course. However, no statistically significant increase of the dose to OARs at treatment was observed.

Similarly, no major dose degradation in terms of PTV dose was observed. Even if the PTV D98% ≥ 95% goal failed in 40.7% of the recalculated plans, only slight deviations were found in D95% for the pCT optimized plans, with a mean relative difference of 0.1%, considering all the treatment fractions in the series of patients.

At CNAO, patients with high-risk localized prostate cancer are currently being treated either with a photon-CIRT mixed beam approach or with a full course of CIRT of 66.4 Gy (RBE) delivered in 16 fractions (4 days/week) to the prostate and seminal vesicles (25), according to Japanese experience (26, 27). Our findings showed that the setup and IGRT protocols described here appeared to be suitable also for patients treated with a full course of CIRT.

In our investigation, we focused exclusively on the residual inter-fraction anatomical variations after bony alignment and did not consider intra-fraction motion. However, several recent studies on cine-MR imaging extensively reported that prostate intra-fraction motion could affect the target dose distribution (28, 29). These studies concluded that 5-mm PTV margins were adequate to guarantee target coverage even during long-lasting treatments (>10 min). Since the presented CIRT prostate treatment time was approximately 2 min per beam and a rigid thermoplastic mask was used for patient immobilization, we do not expect the intra-fraction prostate motion to impact the dose distribution significantly.

We are aware that one of the limitations of the current analysis is the small patient cohort. However, the enrolment of patients in the phase II protocol described here is ongoing, and we aim to validate the current data in a larger patient series as soon as more patients are treated.



Conclusion

The dosimetric impact of anatomical changes on CIRT was assessed in the context of our phase II mixed beam study for high-risk pCa patients. Dose deviations as determined by bladder and rectum filling variations demonstrated that the preparation protocol and the IGRT approach described here could generate reproducible dose distributions in terms of target coverage and OARs sparing.

The generation of sCTs from daily CBCTs for dose-of-the-day calculation in CIRT for high-risk pCA is clinically feasible. The proposed method is suitable for an adaptive treatment strategy providing a daily treatment plan based on the actual anatomy.
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Laura Ghesquière-Diérickx 1,2,3†, Annika Schlechter 1,2,4†, Renato Félix-Bautista 1,2,4, Tim Gehrke 1,2, Gernot Echner 1,2, Laurent Kelleter 1,2‡ and Mária Martišíková 1,2*‡


1 Department of Medical Physics in Radiation Oncology, German Cancer Research Center (DKFZ), Heidelberg, Germany, 2 National Center for Radiation Research in Oncology (NCRO), Heidelberg Institute for Radiation Oncology (HIRO), Heidelberg, Germany, 3 Heidelberg Medical Faculty, University of Heidelberg, Heidelberg, Germany, 4 Faculty of Physics and Astronomy, Heidelberg University, Heidelberg, Germany




Edited by: 

Giuseppe Magro, National Center of Oncological Hadrontherapy, Italy

Reviewed by: 

Silvia Muraro, National Institute of Nuclear Physics of Milan, Italy

Giuseppe Battistoni, Ministry of Education, Universities and Research, Italy

*Correspondence: 
Mária Martišíková
 m.martisikova@dkfz-heidelberg.de


†These authors share first authorship

‡These authors share last authorship


Specialty section: 
 This article was submitted to Radiation Oncology, a section of the journal Frontiers in Oncology


Received: 20 September 2021

Accepted: 10 November 2021

Published: 29 November 2021

Citation:
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The dose conformity of carbon-ion beam radiotherapy, which allows the reduction of the dose deposition in healthy tissue and the escalation of the dose to the tumor, is associated with a high sensitivity to anatomical changes during and between treatment irradiations. Thus, the monitoring of inter-fractional anatomical changes is crucial to ensure the dose conformity, to potentially reduce the size of the safety margins around the tumor and ultimately to reduce the irradiation of healthy tissue. To do so, monitoring methods of carbon-ion radiotherapy in depth using secondary-ion tracking are being investigated. In this work, the detection and localization of a small air cavity of 2 mm thickness were investigated at different detection angles of the mini-tracker relative to the beam axis. The experiments were conducted with a PMMA head phantom at the Heidelberg Ion-Beam Therapy Center (HIT) in Germany. In a clinic-like irradiation of a single field of 3 Gy (RBE), secondary-ion emission profiles were measured by a 2 cm2 mini-tracker composed of two silicon pixel detectors. Two positions of the cavity in the head phantom were studied: in front and in the middle of the tumor volume. The significance of the cavity detection was found to be increased at smaller detection angles, while the accuracy of the cavity localization was improved at larger detection angles. Detection angles of 20° – 30° were found to be a good compromise for accessing both, the detectability and the position of the air cavity along the depth in the head of a patient.
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1 Introduction

There are several advantages of carbon ion radiotherapy (CIRT) over photon and proton RT. The narrow depth-dose deposition profile of carbon ions, as well as their higher LET and RBE compared to protons or photons can be used to deliver more conformal dose distributions to the tumor volume while sparing nearby organs at risk (1). However, the CIRT dose distribution is very sensitive to treatment geometry variations such as anatomical changes or changes in the patient positioning. Those variations can lead to severe under-dosage of the tumor or over-dosage of healthy tissue (2). On-line and in-vivo monitoring methods of the dose distribution could allow potential inter-fractional changes to be detected, offering to make CIRT safer and more effective (3, 4).

Most of the proposed CIRT monitoring methods exploit the information on the dose distribution in the patient carried by products of nuclear interactions of the carbon-ion beam with the patient tissue. These products can be annihilation photons from β+ emitters, prompt gamma rays or prompt charged fragments (also known as secondary ions) (5). The developed CIRT monitoring methods use the distribution of these interaction products to detect the position of the primary carbon-ion beam in the patient. Even in the case when the correlation between nuclear products and dose is low, the measured nuclear product distributions of different treatment fractions can be directly compared to each other (or to Monte Carlo simulations) in order to draw conclusions on potential treatment variations (6).

This contribution investigates the secondary-ions-based method. It aims to quantify the influence of the detection angle on the performance of the cavity detection within a head phantom. As the secondary ion production is forward-peaked, i.e. they are mainly emitted in the direction of the primary carbon-ion beam, experimental configurations of secondary-ion-based monitoring methods use forward detection angles α with respect to the beam direction. Over the years, secondary-ions detection angles ranging from 0° (7, 8) to 90° (9) were investigated. Most of the recently published experiments have been measured at either 30° (10, 11), or at 60° and 90° (12–14). The first results of a clinical study were taken at a composite detection angle of 60° (horizontal plane) and 30° (vertical plane) relative to the beam direction (15). However, no systematic investigation of the influence of the detection angle on the performance of the detection system in a realistic clinical setting has been published to this date.

In this contribution, the efficiency of our secondary-ion-based monitoring system to detect a 2-mm-thick air cavity in a head phantom is investigated for different detection angles. Two metrics are used to identify the optimal detection angle for this specific set-up: the detectability of the changes induced by the air cavity, and the localization of the change along the depth in the head phantom. The detectability is quantified as a metric based on the measured deviation in the detected charged fragments. The localization is defined as the reconstructed cavity position. Additionally, the robustness of the method is investigated for two different cavity positions along the depth in the head phantom.

Detection angles from 10° to 50° in steps of 10° are investigated. The detectability is expected to improve with larger number of detected secondary ion tracks, i.e. to improve at smaller angles, while the localization is expected to improve with the spatial resolution, thus to be better at larger angles. This is because the spatial resolution is determined by Multiple Coulomb Scattering (MCS) of the fragments in the phantom (16, 17), which is projected onto the beams axis under the detection angle (12). However, the optimal angle for the detection of the secondary ion tracks is currently unknown.



2 Materials and Methods


2.1 The Heidelberg Ion-Beam Therapy Center

The experiments were carried out at the Heidelberg Ion-Beam Therapy Center (HIT) in Germany (18, 19). At the HIT facility, carbon-ion irradiation can be performed in four rooms - three treatment rooms and one experimental room. Two treatment rooms have fixed horizontal beam lines while the third treatment room is equipped with a 360° revolving carbon-ion gantry. The experimental room, which is used for quality assurance and research, houses a horizontal beam line that is identical to those in the treatment rooms. The measurements of this study were performed in the experimental room. HIT offers 255 discrete energy steps ranging from 88.83 MeV/u to 430.10 MeV/u for carbon ions. These energy steps correspond to a range of penetration depths in water of 2 cm to 30 cm (20) with step sizes of 1 mm to 1.5 mm and adjustable beam sizes in 6 steps ranging from 3.4 mm to 13.4 mm FWHM.

To cover the three-dimensional tumor volume with the required dose, the HIT facility uses an active raster scanning system (20). This system involves the separation of the target volume into iso-energy slices (IES) that are irradiated slice-by-slice. The manipulation of the lateral beam spot position is performed with a magnetic scanning system. The beam nozzle includes a ripple filter for dose flattening in the spread-out Bragg peak and a beam application monitor system (BAMS), which registers the lateral pencil beam position, size and number of particles for each pencil-beam spot (21).



2.2 Head Phantom

For this work, a homogenous Poly(methyl methacrylate) (PMMA) cylinder was used as a surrogate for a patient head. The cylinder has a height of 90 mm and a diameter of 160 mm. At its center there is a cubic opening of 80 × 80 × 80 mm3 that could be filled with PMMA slabs as shown in Figure 2. The relative stopping power (RSP) of the head phantom, measured with a PTW Peakfinder Water Column (T34080 Bragg Peak chamber and TANDEM XDR electrometer) was found to be 1.163 for the cylinder and 1.151 for the PMMA slabs, both were thus comparable to the RSP of soft human tissues (22).



2.3 Treatment Plan

Using a clinical CT scanner (SIEMENS Sensation Open device) and the corresponding clinical imaging protocol for head patients, a CT image of the head phantom was acquired. Based on that, a CIRT treatment was designed using the Siemens syngo RT Planning system (Siemens Healthcare GmbH, Erlangen, Germany). The treatment plan targets a virtual spherical tumor (volume of 70.06 cm3) centered in head phantom with a fraction dose of 3 Gy (RBE), comparable to a realistic clinic-like single-field CIRT fraction dose. The total number of primary carbon ions was 5.69 × 108, distributed over 8356 raster points (scan grid distances of 2.0 mm × 2.0 mm), divided into 19 iso-energy slices (step width of 3.0 mm range in water) ranging from 167.66 to 239.45 MeV/u and with a beam spot size in air of 6 mm (FWHM).



2.4 Mini-Tracker

A mini-tracker (see Figures 1, 2) made of two pixelated detectors was used to detect and track individual charged nuclear fragments. Each of the employed AdvaPIX TPX3 modules was equipped with a Timepix3 chip based on the hybrid semiconductor pixel detector technology developed within the Medipix3 Collaboration at CERN (23). The sensitive layer of each detector is 300 μm thick crystalline silicon with an area of 14 × 14 mm² divided into 256 × 256 pixels (pixel pitch of 55 μm). The time resolution of a single TPX3 module is 1.56 ns. The sensors were operated at a bias voltage of 10 V. This relatively low bias voltage causes a partial depletion of the silicon layer, which leads to a larger cluster size and thus enables an more precise hit position measurement based on the calculation of the energy-weighted center of mass of the cluster (24). The energy threshold was set to 3 keV, ensuring a noise-free data acquisition.




Figure 1 | A head phantom composed of PMMA was irradiated with a clinic-like carbon-ion treatment field. Charged fragments were detected by a mini-tracker based on two Timepix3 chips. Several positions of the mini-tracker, characterized by the distance d between the front detector and the isocenter as well as the angle α with respect to the beam direction, were investigated.






Figure 2 | Schematic top view of the experimental set-up. The blue circle represents the cylindrical head phantom and the red circle represents the irradiated spherical tumor volume. The vertical white bars represent the positions of the air cavity (either upstream of the tumor volume or at the isocenter). The distance between the room isocenter and the front detector of the mini-tracker is denoted as d and α is the angle of the mini-tracker axis with respect to the axis of the treatment field direction (beam axis). The following mini-tracker positions were investigated: 10° at a distance d of 34 cm, 20° at a distance of 16 cm, and 30°, 40°, and 50° at a distance of 12 cm.



The distance between the two sensitive silicon layers was set to 25.5 mm (see Figure 2). The two TPX3 modules were connected via a synchronization cable and to a mini PC notebook via two USB 3.0 cables (see Figure 1). The detector settings and the data acquisition were controlled using the Pixet software (version 1.6.5.778) (25).



2.5 Experimental Set-Up

The following experimental set-up (see Figure 1) was used to measure individual secondary-ion tracks with a mini-tracker placed at different detection angles. The center of the head phantom, which was identical to the center of the tumor, was aligned to coincide with the isocenter of the experimental room. Individual secondary ions emerging from the head phantom were tracked by the mini-tracker placed behind the phantom at different positions defined by the detection angle α (10°, 20°, 30°, 40°, 50°) with respect to the beam direction and the distance d (12 cm, 16 cm and 34 cm, depending of the detection angle) to the isocenter, as illustrated in Figure 2. The mini-tracker axis was made to point at the isocenter in order to cover the region before and behind the tumor in the field-of-view. The standard distance from the front detector to the isocenter was 12 cm. In order to cope with the signal pile-up seen at smaller detection angles where the fluence rate increases rapidly, the mini-tracker module was positioned further away from the isocenter.

To mimic inter-fractional anatomical changes, a 2 × 80 × 80 mm3 PMMA slab in the head phantom was removed, creating an air cavity as indicated by the white slabs in the drawing of the head phantom (Figure 2). In this study, two different cavity positions were investigated: upstream of the tumor volume (at a depth of -40 mm relative to the isocenter) and at the isocenter (at a depth of 0 mm). Only a single air-cavity position was measured at a time.

Four kinds of measurements, corresponding to four treatment fractions (one reference fraction and three follow-up fractions), were performed at each investigated angle. The first fraction was defined as the reference fraction. The second fraction was a repetition of the first fraction, in order to investigate fraction-to-fraction variation of the signal in case that there are no internal geometry changes. In the third and fourth fractions, the air cavity was inserted at a depth of -40 and 0 mm, respectively. Mini-tracker and head phantom were not moved between measurements of different air-cavity positions.

In order to simulate a future detector upgrade with ≥8 mini-trackers, each measurement was repeated eight times and the obtained data was summed up. A larger detection area can be approximated by a repetition of the measurement because of the small size of the mini-tracker and the resulting small angular variance. The angular variance could be further reduced by arranging the mini-trackers on a circle with a constant detection angle relative to the beam axis, thus utilizing the angular symmetry of the fragment field.



2.6 Data Acquisition

For each of the two Timepix3 detectors in the mini-tracker, the measured raw data consist of a stream of pixel hits with the time of arrival (ToA) and the time over threshold (ToT) being recorded. Using in-house written Matlab1 and C++ routines, the raw data was post-processed as follows: for each measured secondary ion hit, a so-called cluster was formed from the stream of measured pixels. Neighboring pixel signals within ±75 ns were grouped together as a cluster. The cluster size was defined as the number of pixels contained in a cluster, the cluster arrival time was defined as the minimum ToA of any pixel in the cluster. Clusters with a size of one single pixel were excluded from further data processing, as those were expected to represent noise or background radiation (photons or electrons) (26).



2.7 Data Analysis


2.7.1 Secondary-Ion Tracks and Emission Profiles

Coincident clusters measured within ±75 ns in both mini-tracker sensor layers were considered as hits caused by the same secondary ion. The straight line connecting the energy-weighted centers of mass of the coincident clusters in the two sensor layers was defined as a secondary ion track (26).

To approximate the origin of a secondary ion in the head phantom (the fragmentation vertex), a three-dimensional pencil-beam-based back-projection method was used (27). This back-projection method finds the line that represents the shortest distance between the extrapolated secondary ion track and the beam axis of the respective carbon-ion pencil beam at the time of the track detection. The middle point on this connecting line is defined as the origin of the secondary ion.

The angular projection uncertainty is a function of the uncertainty of the hit position and the distance between the detection layers. The uncertainty of the hit position was approximated as that of a uniform distribution in a pixel. On top of that comes the MCS angle in the front detector (1 mm Silicon), resulting in an estimated angular projection uncertainty of 0.072°+0.069°=0.141°. For comparison, the 1/e MCS angle of 200-MeV-protons travelling through 8 cm of PMMA is approximately 0.84° (28).

The histogram of the fragment origins along the beam axis is referred to as a secondary-ion (or fragment) emission profile. A bin size of 5 mm was used as a reasonable bin size. The effect of the bin size on the data analysis is investigated in section 3.2.4. The number of detected secondary ions in a bin is denoted as N, with the uncertainty being the square root of N (Poisson statistics).

Subsequently, the measured secondary-ion emission profiles were analyzed with different methods to investigate the impact of the air cavity on the radiation field distribution in the phantom. In particular the detectability and the localization of the air cavity were investigated for different positions of the mini-tracker.



2.7.2 Detectability of the Air Cavity

As the aim of the developed method is to compare the emission profiles of different treatment fractions, the difference between the absolute fragment emission profiles of a follow-up fraction (with or without air cavity) and the reference fraction (without air cavity) was determined using: Difference = NfollowUp – Nref with its uncertainty being   where NfollowUp and Nref represent the number of entries in a bin of the follow-up and reference emission profile, respectively.

To quantify the detectability of the inserted air cavity, the integral of the absolute differences along the depth covered by the head phantom was calculated:

	

Equation 1: Integral oft the absolute difference of two emission profiles.

	

Equation 2: Statistical uncertainty of the integral.

The absolute value allows positive as well as negative deviations to be taken into account. As a consequence, the integral of absolute values will not be equal to zero even in case of no significant deviation. Therefore, it must always be compared to a measurement without cavity in place. The detectability is defined as the number of combined standard deviations of the integral with air cavity above the integral without air cavity. The uncertainty of the detectability is calculated using Gaussian error propagation.

	

Equation 3: Detectability of the air cavity.



2.7.3 Localization of the Air Cavity

In a first step to localize the air cavity, the minimum of the fragment emission profile is determined. Only bins from the start of the head phantom up to the distal end of the tumor volume (depth of -80 mm to +25 mm) are considered when searching for the minimum bin because only anatomical changes in this area can have an impact on the dose distribution.

The location of the air cavity along the depth of the head phantom is defined as the minimum of a second order polynomial drawn through the minimum bin and its two nearest neighbors. The polynomial does not represent a fit since the number of included bins (three) equals the number of degrees of freedom (also three). Instead, the polynomial is used to take into account the information on the minimum location that is included in the direct vicinity of the minimum bin, while simultaneously minimizing the bias from any assumption made on the shape of the minimum that would come with the fit of a function. The uncertainty on the location of the minimum was calculated using Gaussian error propagation.

The suggested procedure for finding the cavity location depends on the bin size since it always takes into account the same number of bins (three), regardless of their size. Therefore, the influence of the bin size on the reconstructed location of the air cavity was investigated by conducting the localization procedure for emission profiles with different bin sizes (see section 3.2.4).





3 Results


3.1 Secondary-Ion Emission Profiles for Different Mini-Tracker Positions

The measured secondary-ion emission profiles were analyzed for each mini-tracker position shown in Figure 2. A comparison of the absolute as well as the normalized (to the integral) emission profiles is shown in Figures 3A, B, respectively. The absolute secondary-ion emission profiles in Figure 3A differ mainly in the total number of detected secondary-ion tracks. The number of detected tracks decreases with increasing detection angle, as expected. The relatively small increase in the number of tracks at 10° and 20° results from the larger distance of the mini-tracker to the isocenter, which was chosen in order to technically cope with the higher secondary-ion fluence close to the beam axis.




Figure 3 | (A) Absolute emission profiles. (B) Normalized emission profiles. (A) Absolute and (B) normalized (to the integral) secondary-ion emission profiles along the beam axis for each studied mini-tracker position without air cavity. The cylindrical head phantom (radius of 80 mm) is centered in the isocenter at a depth along the beam axis of 0 mm and is highlighted by the blue area. The spherical target volume (25 mm radius) is represented by the red area. The beam crosses the head phantom from left to right. The statistical uncertainties are plotted as uncertainty bands.



As visible in Figure 3B, due to the geometrical limit of the back-projection method (12), the sharpness of the normalized emission profile increases with increasing detection angle while the effect of Multiple Coulomb Scattering within the phantom, leading to an increased number of tracks that are wrongly back-projected in front of and behind the head phantom, decreases. For large detection angles, the maximum of the emission profile is located at a shallow depth, whereas for small detection angles the maximum is closer to the isocenter. This is a direct geometrical consequence of detection angle: the maximum fragment emission is expected at the entrance to the phantom (highest number and energy of carbon ions and smallest effective detection angle), but the emission profile is smeared out by the projection uncertainty, which increases with decreasing detection angle. The larger distance to the isocenter at small detection angles also contributes to the increase of the projection uncertainty. However, this effect is small in comparison because of the small pixel size of 55 μm.



3.2 Impact of an Air Cavity on the Secondary-Ion Emission Profiles For Different Mini-Tracker Positions

In this work, the impact of an inter-fractional change induced by a 2-mm-thick air cavity was analyzed in three ways. First, the change was visualized by calculating the difference between the secondary-ion emission profiles measured with and without the air cavity. In a next step, the detectability and localization of the air cavity were determined.


3.2.1 Secondary-Ion Emission Profiles With and Without Air Cavity

Secondary-ion emission profiles were measured using a mini-tracker placed at five different positions. As an extreme example with the lowest number of measured tracks, Figure 4 shows the secondary-ion emission profiles for the mini-tracker positioned at an angle 50° and a distance of 120 mm from the isocenter.




Figure 4 | (A) Air cavity at -40 mm (in front of the tumor). (B) Air cavity at 0 mm (center of the tumor). Secondary-ion emission profiles measured by the mini-tracker placed at an angle of 50° and a distance of 12 cm from the center of the target. The irradiation fraction with a cavity in front of the tumor volume (solid green line) is plotted on the left, whereas the irradiation fraction with a cavity in the middle of the tumor volume (solid blue line) is plotted on the right. The solid black line in both plots represents the reference fraction. Corresponding statistical uncertainties are plotted as uncertainty bands for each profile, which are smaller than the line width. The head phantom is centered at 0 mm and is represented by the blue area, the 25-mm-radius tumor volume is represented by the red area and the inserted air cavity is represented by the vertical green and blue band in (A, B), respectively.



The shape of the measured secondary-ion emission profile is similar for all measured fractions. However, statistically significant differences between the reference irradiation fraction and the fractions with an inserted air cavity are present, particularly when the cavity is placed in front of the tumor volume. Compared to the reference fraction, the secondary-ion emission profile is higher in front of the air cavity, lower at the depth of the cavity and higher behind the cavity. These observations are consistent with (11), due to the expected effect of the air cavity on the primary carbon ions and the charged fragments: the carbon ions penetrate deeper when they cross a low-density region such as the air cavity, leading to a shift of the emission profile towards deeper positions, which explains the larger amount of detected fragments behind the air cavity. In the air cavity itself, fewer fragments are produced, leading to a dip in the secondary-ion emission profile at the depth of the air cavity. Those fragments produced in front of the air cavity have to cross less material in order to reach the mini-tracker, explaining the increased number of detected fragments from shallow depths. For further analysis, the differences between the reference fraction and the follow-up fractions are shown in Figure 5.




Figure 5 | (A) α=10°, d=34 cm. (B) α=20°, d=16 cm. (C) α=30°, d=12 cm. (D) α=40°, d=12 cm. (E) α=50°, d=12 cm. Differences to the reference of secondary-ion emission profiles for the three follow-up fractions as measured by the mini-tracker placed at different detection angles and distances to the isocenter. The difference between the reference fraction and the fraction without a cavity is shown as a dotted-dashed black line. The difference between the reference fraction and the fraction with a cavity in front of the tumor volume (depth of -40 mm) is plotted in green. The difference between the reference fraction and the fraction with a cavity in the middle of the tumor volume (0 mm) is plotted in blue. The statistical uncertainties are plotted as uncertainty bands for each curve. The plots show the data inside the 80-mm-radius head phantom, which is centered at 0 mm. The red area represents the 25-mm-radius tumor volume and the inserted air cavity is represented by the vertical green and blue bands.





3.2.2 Difference of Fragment Emission Profiles

For all mini-tracker angles (Figure 5), it is observed that the difference between the absolute fragment emission profile without a cavity and the reference (dashed-dotted black curve) is compatible with zero (dotted black line) within its statistical uncertainties, showing the robustness of the method. For both cavity positions and all mini-tracker positions, the difference to the reference measured with an air cavity in place was found to be significantly different from zero, demonstrating qualitatively the detectability even for such a small variation of the phantom geometry.

For the air cavity inserted in front of the tumor, the difference profile reaches a minimum near the depth of the air cavity (-40 mm) for every detection angle except for 10°. The width of this minimum is found to decrease with increasing detection angle, as expected from the projection of the Multiple Coulomb Scattering on the beam axis.

A dip at the depth of the air cavity is visible when the air cavity is located in the isocenter for detection angles of 30° to 50°. It can happen that the dip does not represent an unambiguous minimum. This is partly due to the lower number of fragments of sufficient energy produced at this depth. Moreover, because of the lateral size of the air cavity (80 × 80 mm2), fragments that are produced in front of the air cavity and which cross the air cavity on their path to the mini-tracker are less likely to be absorbed because they cross less material. This explains the increased number of detected fragments in front of the air cavity. This effect partly compensates for the dip and makes the identification of the minimum more challenging.



3.2.3 Detectability of the Air Cavity

To quantify the detectability of the air cavity, the integral of the absolute difference between the fraction with/without air cavity and the reference fraction is calculated (Figure 6A). At every mini-tracker angle, the integral of the absolute difference between the fraction with an air cavity and the reference fraction (green circles and blue triangles) is significantly higher than the integral of the difference without a cavity (black squares). The integral increases with decreasing detection angle because of the larger number of detected secondary-ion tracks at small angles.




Figure 6 | (A) Integral of absolute differences, (B) Detectability. (A) Integral of the absolute difference between secondary-ion emission profiles of the reference fraction and the three follow-up fractions over the target area shown for all investigated mini-tracker positions. The integral of the difference between the reference fraction and the fraction without cavity is plotted as square black markers. The integral values between the reference fraction and the fraction with a cavity in front of the tumor volume are plotted as green circles. The integral between the reference fraction and the fraction with a cavity in the middle of the tumor volume is shown as blue triangles. (B) Detectability of the air cavity in units of combined standard deviations.



The detectability as defined in Equation 3 is shown in Figure 6B. The detectability can also be interpreted as the significance of the measurement. It is observed that the presence of the air cavity is detected for all mini-tracker positions and both air cavity locations with a detectability of more than four combined standard deviations. The detectability is maximized for a detection angle of 20° and 10° for a cavity position of -40 mm and 0 mm, respectively. This can be explained by the number of detected fragment tracks, which is maximized at small detection angles.



3.2.4 Localization of the Air Cavity

The measured position of the air cavity is defined as the minimum of a parabola drawn through the minimum bin and its both nearest neighbors (see section 2.7.3). Figure 7 shows the reconstructed positions of the air cavity for two cavity locations and five detection angles. The error bars represent the statistical uncertainty of the minimum of the parabola. For all cavity positions and the mini-tracker positions between 20° and 50°, except for the cavity at 0 mm and the mini-tracker at 40°, the measured cavity position is in agreement with the actual cavity position within the statistical uncertainty of the measurement. It is observed that the localization fails for the smallest investigated detection angle of 10° due to the absence of a clear minimum in the difference of the emission profiles.




Figure 7 | Measured positions of the cavity for different detection angles. The measurement with an air cavity in front of the tumor volume (at -40 mm) is plotted as green circles. The blue triangles show the measurement with the cavity in the middle of the tumor volume (0 mm). The true positions of the air cavity are shown as the vertical green and blue bands. The error bars represent the statistical uncertainty. The colored boxes that are centered on the markers represent the systematic effect of the bin size.



In order to quantify the influence of the bin size on the power of the method to localize the air cavity, the localization procedure was conducted for emission profiles with different bin sizes ranging from 3 to 7 mm in steps of 1 mm, besides the 5 mm used previously. The standard deviation of the resulting cavity positions is used as an estimate for the influence of the bin size on the localization. This systematic uncertainty is shown in Figure 7 as colored error boxes centered on the markers. The localization is found to be more accurate (smaller systematic uncertainties) for air cavities located in front of the tumor. This is expected because more primary carbon ions cross those shallow air cavities, leading to a more pronounced minimum in the difference distribution.

It can be seen that even the influence of the bin size (i.e. the size of the error boxes) cannot explain the observed difference between the measured and the true cavity position at 10°. This difference is probably caused by the geometrical distortion of the emission profile at this small detection angle.

The large systematic uncertainty at a detection angle of 50° for the cavity position at the isocenter can be explained by the ambiguity of the minimum due to the lower number of measured tracks at this detection angle. Depending on the utilized bin size, the position of the minimum is reconstructed either too close to the isocenter or too close to the entrance to the phantom (see also difference plot in Figure 5E).





4 Discussion

This study employed a mini-tracker made of dead-time-free Timepix3 silicon pixel detectors to measure the charged fragments emerging from a homogeneous PMMA head phantom that is irradiated by a realistic carbon-ion treatment plan with a dose of 3 Gy (RBE). A dataset equivalent to eight mini-trackers with an active area of 2 cm2 each was used to detect and localize an air cavity of 2 mm thickness and 80 × 80 mm2 transverse area from different detection angles relative to the beam axis. The size of the investigated inter-fractional change is considerably smaller than in previously published studies that used inserts with a thickness of 10 mm (11), 28.5 mm (29) and 28 mm (30).

The suitability of different mini-tracker angles was investigated in terms of detectability and localization of the air cavity.

All investigated measurement settings in terms of the tracker position and the air cavity position resulted in a detectability above the significance threshold of three standard deviations. The larger number of detected secondary ions at small detection angles led to a strongly improved detectability (up to 23 standard deviations) compared with larger detection angles with 4 standard deviations at 40° and above. This shows the large technical potential of the used tracking method for a future use in clinical studies.

The detectability of the air cavity was found to be more significant when the cavity is located in front of the tumor in the path of the primary carbon ions, compared to a cavity located at the center of the tumor. Only cavities located in the primary carbon-ion beam path (in front of the Bragg peak) are relevant for the dose deposition in the tumor and changes in the high-dose-gradient region of the Bragg curve. Therefore, an increased sensitivity to shallower anatomical changes could be an asset of secondary-ion monitoring, leading to a lower number of false-positive detections.

The localization of the air cavity was found to be more accurate at larger detection angles, as expected from geometrical effects in the projection. Air cavities at shallow depths were found to be easier to localize because they cause a more pronounced minimum in the fragment emission profile. A limitation of this localization method is that it will fail if no unambiguous minimum can be identified, which can be the case if the number of measured fragment tracks is too small. The localization could be made more robust by introducing prior knowledge in the analysis, e.g. information about the location of natural cavities from the planning CT.

The proposed analysis uses non-normalized (absolute) fragment emission profiles. This is motivated by the fact that a noticeable difference in the number of measured fragment tracks between two treatment fractions would suggest an important change in the dose to the patient. Concerning the reproducibility of the irradiation, it was found in the presented measurements that the number of detected fragments is relatively constant: a maximum relative difference between repetitions of 0.5% was measured for the smallest number of detected fragments at a detection angle of 50°. Moreover, an analysis of the beam record files of the BAMS showed that the number of primary carbon ions between two irradiations of the same treatment plan has a relative standard deviation of 0.03%, whereas the observed systematic deviation from the number of carbon ions in the treatment plan was 0.4%. It is worth noting that our definition of the detectability takes into account the statistical fluctuation of the number of detected fragments by including a comparison to a no-cavity measurement (see Equation 3).

One aim of this study is to inform the design of a future detection system about the optimum detection angle. It was found that a compromise is to be made between detectability and localization of air cavities. The significance of the cavity detection is maximized at smaller detection angles, while the accuracy of the cavity localization is improved at medium-to-large detection angles. However, taking into account the detectability and localization as well as current hardware limitations (signal pile-up), the optimum detection angle for the presented system was found to be in the range from 20° to 40°. In further studies, a detection system with several mini-trackers placed at different detection angles could allow both parameters to be optimized simultaneously.

All measurements at a specific mini-tracker position were performed without moving the detector or the phantom. Therefore, the data does not include any inter-fractional positioning uncertainty of the mini-tracker. If too large, the positioning uncertainty could impair the performance of the method, leading to a false-positive detection of an inter-fractional anatomical change. Since the magnitude of the positioning uncertainty is determined by the mechanics of the positioning system, the impact of the positioning uncertainty has to be quantified once the final layout of a future detection system is designed. Based on the experience from prompt-gamma range-verification systems, the required positioning reproducibility is expected to be around 1 mm (31).

The observed large values of the detectability show that the effective detection area of 16 cm2 is sufficient for the detection of small inter-fractional density changes. The measured number of fragments tracks was also sufficient for the accurate localization of the air cavity. However, the absolute number of detected fragment tracks depends also on the applied dose, the energies of the carbon-ion pencil beams as well as the amount of tissue that has to be crossed by the fragments before reaching the mini-tracker. The setting investigated in this work, where the tumor is located at the center of a head phantom and irradiated by a single field of 3 Gy (RBE), represents a best-case scenario in terms of fragment statistics. Therefore, even larger detection areas would further benefit the performance of the method, leading to smaller statistical uncertainties. Moreover, pointing the mini-tracker axis onto the region of interest in front of the tumor volume could increase the geometrical acceptance and therefore the number of detected fragments.

Future investigations of more realistic cavities in terms of shape, size, position, and composition, might lead to additional information for the geometrical design of future detection systems. Moreover, the size of changes, which can still be detected reliably in a more realistic heterogeneous anthropomorphic head phantom, needs to be investigated. The detection of a potential patient misalignment with respect to the carbon-ion beam (translations and rotations) should be addressed separately.



5 Conclusion

The aim of this work was to investigate the power of monitoring carbon ion radiotherapy using tracking of charged nuclear fragments in terms of detection and localization of a 2-mm-thick air cavity in a head-sized PMMA phantom. The performance of the method was analyzed as a function of the position of the mini-tracker. In contrast to previous publications focusing on single pencil beams, a treatment plan with a realistic dose (3 Gy (RBE)), dose rate and tumor size were used. This became possible thanks to the dead-time-free data acquisition of the Timepix3 detector. A dataset equivalent to eight mini-trackers, with an active area of 2 cm2 each, was used.

It was found that the presence of the air cavity could be detected for both investigated cavity positions – in the Bragg curve plateau as well as in the center of the target – and for all the investigated detection angles (10° to 50°). The significance of the detection increases with decreasing detection angles – up to 23 standard deviations at 10°. The position of the cavity could be correctly localized within 2 mm, being within the statistical uncertainties, if detection angles ≥ 20° are used. It was found that the air cavity could be localized with higher accuracy and precision if it is located closer to the entrance to the phantom.

The presented results provide important information on the design of future detection systems to be used in clinical trials. Taking into account the ability of the detection system to detect and localize the investigated inter-fractional change, as well as the current hardware limitations, the optimum range of detection angles for the investigated system was found to be between 20° to 30°. The universality of this finding for clinical situations with targets in different depths has to be investigated in the future, ideally within real patient treatments.
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Adenoid cystic carcinoma (ACC) is a rare, basaloid, epithelial tumor, arising mostly from salivary glands. Radiation therapy can be employed as a single modality for unresectable tumors, in an adjuvant setting after uncomplete resection, in case of high-risk pathological features, or for recurrent tumors. Due to ACC intrinsic radioresistance, high linear energy transfer (LET) radiotherapy techniques have been evaluated for ACC irradiation: while fast neutron therapy has now been abandoned due to toxicity concerns, charged particle beams such as protons and carbon ions are at present the beams used for hadron therapy. Carbon ion radiation therapy (CIRT) is currently increasingly used for ACC irradiation. The aim of this review is to describe the immunological, molecular and clinicopathological bases that support ACC treatment with CIRT, as well as to expose the current clinical evidence that reveal the advantages of using CIRT for treating ACC.
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1 Introduction

Adenoid cystic carcinoma (ACC) is a rare tumor, which has a dual component of myoepithelial and ductal cells. Most of the ACCs arise from minor salivary glands, and account for about 10% of all malignant salivary tumors (1). Other involved head and neck (HN) sites include the external ear and the lacrimal glands. Less frequently, ACC might be diagnosed in non-HN sites, including the breasts, the lungs, the prostate gland, the esophagus, the cervix, the vulva or the skin (2–4). Overall, around 3000 cases have been identified between 1973 and 2007 in the US National Cancer Institute’s Surveillance, Epidemiology and End Results (SEER) program (5) and around 2600 cases have been described between 1983 and 1994 in the European EUROCARE registry (6).

Photon beam radiotherapy (RT) technological developments gave a substantial contribution in HN patient prognosis improvement last decades especially in patients bearing squamous cell carcinoma (7). RT plays a key role in different phases of ACC management: in the adjuvant setting after surgery for potentially resectable cases or as a definitive modality for non-operable tumors; or in a reirradiation context for local recurrent disease (8). Due to the radioresistance of ACC, RT techniques using high linear energy transfer (LET) particles have been evaluated for more than 50 years, in particular fast neutron beams (9). However, the use of neutron beams, while efficient, has been abandoned for late toxicity due to the difficulty of obtaining an advantageous dose gradient between the target and the organs-at-risk. On the other hand, carbon ion radiation therapy (CIRT) harbors both the high LET of fast neutron beams and the specific spatial distribution of charged particle beams. Charged particle beams are characterized by a Bragg peak that deposits most of the dose in a very short path, the deepness of which depends on the start energy of the beam, allowing targeted irradiation. CIRT has consequently been increasingly evaluated for ACC irradiation during the last years.

To this date, no in vitro or preclinical study have specifically evaluated CIRT irradiation effects on ACC cell lines. Nevertheless, multiple immunological and biological properties justify ACC management with CIRT (Table 1). We reviewed the literature on the biological bases and the clinical evidence that support the use of CIRT in ACC management.


Table 1 | Biological rationale for adenoid cystic carcinoma (ACC) with carbon ion radiation therapy (CIRT).





2 Molecular Rationale of CIRT for ACC


2.1 ACC Heterogeneity Represents a Challenge for Radiotherapy


2.1.1 ACC Is a Heterogeneous Group of Tumors From a Molecular Point of View

Based on whole-exome sequencing (WES) of 34 tumor samples from primary and metastatic ACC tumors isolated from eight patients, Liu et al. (10) demonstrated that there was an important spatial and temporal clonal diversity within and between primary and metastatic tumors. The average mutation rate was evaluated around 0.32 per million base pair and the incidence of shared mutations between primary and metastatic tumor samples was 21.9%; truncal genetic alterations included NOTCH pathway genes (such as NOTCH1 or SPEN) or the t (6, 9) translocation (MYB–NFIB fusion). Nevertheless, this apparent diversity of tumor mutations allows a variety of potential systemic targeted treatments. For instance, Ho et al. (11) demonstrated that tumoral activation of the VEGF/KIT/PDGFR pathway could be effectively targeted by anti-angiogenic agents (such as Axitinib), while the NOTCH-mutated ACCs could be specifically blocked by agents targeted NOTCH pathway (such as Bronctictuzumab or AL101) (12, 13). NOTCH-mutated ACC are over-represented in solid variant and are associated with a higher rate of liver and bone metastases, as well as shorter relapse-free survival (RFS) and overall survival (OS) (12). The molecular diversity of ACC tumors is striking in a relapsed or a metastatic context (14). Up to 26.3% of relapsed or metastatic ACC patients are NOTCH-mutated, including 18.3% of activating NOTCH mutations, which have the poorest prognosis among all NOTCH mutations types. Ho et al. (14) further demonstrated that mutations in the KDM6A gene, which intervenes in chromatin remodeling, had a pejorative prognosis for relapsed or metastatic ACC, and that TERT pathway mutations were exclusive of NOTCH mutations and of MYB fusions. Consequently, it appeared that four distinct relapsed/metastatic ACC molecular subgroups could be proposed, based on the presence of NOTCH, TERT mutations and MYB fusion: MYB-mutated/NOTCH-mutated; MYB-mutated/other mutations; MYB wild-type/NOTCH-mutated and MYB-mutated/TERT-mutated.



2.1.2 ACC Is a Heterogeneous Group of Tumors From an Anatomopathological Point of View

ACC is characterized by a biphasic composition made of ductal cells (characterized by CK7 protein expression) and myoepithelial cells (characterized by CK5/6, P63, P40, D2-40, Calponin, a-SMA, S-100, and vimentin protein expression). The histological tumoral organization defines three ACC variants based on the predominant anatomopathological pattern: cribriform, tubular (both characterized by CK7 protein expression), or solid pattern (characterized by a glandular architecture and a loss of myoepithelial differentiation). Solid patterns usually have a higher Ki67 index. Multiple histological grading systems have been proposed based on the estimated proportion of the solid pattern component [Perzin grading using a 30% threshold (15), Spiro grading using a 50% threshold (16)]. It should be noted, however, that Van Weert et al. (17) recently demonstrated that the mere presence of solid components, independently of its proportion, was a negative prognostic factor. Bell et al. (18) evidenced that the c-Kit protein was systematically expressed, and EGFR was consistently negative, in the solid ACC subtype. C-Kit expression was limited to inner ductal epithelial cells, and EGFR expression was restrained to the outer myoepithelial cells, the latter being found in the majority of tubular and cribriform ACC patterns.



2.1.3 CIRT Anti-Tumor Efficiency Is Not Influenced by Tumor Heterogeneity

Based on three cellular sublines of resistant prostate tumors in murine models, Glowa et al. (19) demonstrated that the values of the tumor control dose 50 (TCD50) differed significantly less for CIRT than for photon RT. They concluded that response to CIRT was relatively independent on the molecular and histological tumoral heterogeneity. Additionally, Masunaga et al. (20) found that quiescent tumor cells were more sensitive to CIRT than to photon RT. They suggested that CIRT anti-tumor efficacy could be relatively independent from intra-tumoral cellular heterogeneity, resulting from the co-existence of quiescent and proliferative cell populations in various proportions.




2.2 ACC Radioresistance Properties Might Be Overcome by CIRT

ACC are radioresistant tumors. The main molecular actors of ACC EMT and radioresistance features are provided in Table 2.


Table 2 | Notable molecular actors of ACC stemness and radioresistance properties.




2.2.1 Epithelial-Mesenchymal Transition and Cancer Stem Cell Properties Are Related to ACC Radioresistance

Wang et al. (21) demonstrated that hypoxic conditions promoted ACC epithelial-mesenchymal transition (EMT) and cancer stem cell (CSC) properties. Molecular actors of ACC EMT and stemness were characterized by Chen et al. (22) who found that HSP27 protein overexpression increased cell migration and invasion properties and induced an up-regulation of Snail 1 and Prrx1, which are potent EMT regulators. Expectedly, increased HSP27 levels in ACC correlated with radioresistance of ACC cell lines in vitro; it was also found that high HSP27 expression in ACC had a poor prognosis value. Finally, acquisition of CSC properties in ACC correlated with increased expression of CD133 and CD44. Shimoda et al. (23) further evidenced stemness was a generic characteristic of metastatic ACC cells, which express stemness-related transcription factors (TF) (such as Nodal, Lefty, Oct-4, Pac6, Rex1, and Nanog). In particular, the T-box Brachyury TF was highly expressed in clinical ACC samples and was found to regulate both EMT and CSC properties of ACC. Kobayashi et al. (24) further demonstrated that a knock-out of the Brachyury gene in ACC cells lines with short hairpin RNA (shRNA) suppressed both tumor chemoresistance and radioresistance in vitro.



2.2.2 ACCs Are Characterized by Hypoxia Markers

De Mendoça et al. (25) demonstrated that ACCs were associated with high Hypoxia-Inducible Factor (HIF) 1α expression levels compared with normal salivary gland, which is expressed in the absence of adequate tissular oxygenation. Liu et al. (26) further observed that salivary ACC had an up-regulation of autophagy-related genes (such as ATG3, 4A, 5, PIK3R4, and MAP1LC3B), controlled by HIF1α. It should be recalled that hypoxia-induced autophagy is a notable actor of resistance to anti-tumor treatments, including radiation therapy (27). Chen et al. (28) demonstrated that BNIP3, a regulator of hypoxia-induced autophagy, was expressed by 63.1% of ACCs, and that BNIP3 in ACC cell lines could be induced in vitro by hypoxia. Another notable consequence of ACC hypoxia was to induce tumoral vascular mimicry and cell migration invasion as a response to VEGF-A secretion (21, 29).



2.2.3 CIRT Is Valuable for Radioresistant and Hypoxic Tumors

Peschke et al. (30) found on murine models of radioresistant prostate carcinomas that the TCD50 were 32.9 Gy for CIRT and 75.7 Gy for photon RT for single dose irradiation, and 38.0 Gy for CIRT and 90.6 Gy for photon radiotherapy for multiple-dose irradiation. This observation suggested that CIRT was more potent than photon radiotherapy for intrinsically radioresistant tumors, which is the case for ACC. In addition, Grimes et al. (31) evidenced that carbon ion beams had a lower oxygen enhancement ratio (OER) than proton beams, in particular towards the Bragg peak where the LET substantially increased for carbon beams, making CIRT valuable in case of hypoxic tumors. Nevertheless, Antonovic et al. (32) underlined that hypoxia could anyhow influence the outcome of CIRT because of the non-negligible OER of the low LET contributions in the spread-out Bragg peak (SOBP). Taking into account inter-fraction local oxygenation changes, occurring after tumor shrinkage (even for hypoxic tumors), CIRT OER was estimated around 1.2. Finally, using a glioma model, Liu et al. (33) demonstrated that CIRT superiority in tumorigenesis and angiogenesis inhibition compared with photon beams, resulted from modulation of VEGF level in the tumor micro-environment (TME).




2.3 CIRT May Control ACC Tumoral Invasion Properties


2.3.1 Perineural Invasion Is a Characteristic Feature of ACC Local Malignancy

ACCs are characterized by an elevated propensity to locally invade surrounding tissues through perineural invasion (PNI). Shan et al. (34) demonstrated that the BDNF/TrkB axis plays a causative role in ACC PNI. Gao et al. (35) found that the CCL5/CCR5 axis increases salivary ACC PNI invasion and that blocking this chemokine axis inhibited perineural invasion in ACC cell lines. CCR5 chemokine receptor expression was elevated in salivary ACC tissue samples. Kobayashi et al. (36) observed that NGF and TrkA signaling contributed to PNI, and that both were expressed in around 65% of ACC patients.



2.3.2 CIRT Might Control Tumoral Invasion

Fujita et al. (37) demonstrated that CIRT irradiation decreased tumor cell mobility through a process involving ubiquitinoylation and proteasome destruction of Rac1 and RhoA proteins. Rieken et al. (38) also found that CIRT decreased tumor integrin expression 24h after irradiation, and significantly reduced glioma cell migration. Matsumoto et al. (39) observed that CIRT could reduce the metastatic abilities of malignant melanoma cells (including cell migration, invasion, and adhesion), both in vitro and in vivo, in murine models.





3 Immunological Rationale of CIRT for ACC


3.1 ACC Tumoral Immunology


3.1.1 ACC Cell Immunogenicity Is Limited to Few Tumor-Associated Antigens

ACC cells express few tumor-specific neo-antigens (TNA) against which specific anti-tumor immune responses could be directed, which is explained by their low tumoral mutation burden (TMB). Based on 60 ACC tumor samples, Ho et al. (40) estimated that ACC TMB was around 0.31 non-silent mutation per megabase. Nevertheless, TMB-high ACCs have already been described, either microsatellite-instable (MSI) or POLE-mutated, but these cases represent only a minority of ACC patients (41). Consequently, T-cell receptor (TCR) clonotype diversity in ACCs is usually lower than in most other solid tumor types and CD8 tumor-infiltrating lymphocytes (TIL) are rare (41). On the other hand, ACC cells express diverse types of tumor-associated antigens (TAA), in particular cancer-testis antigen (CTA). Based on 84 head and neck (HN) ACC tumor samples, Veit et al. (42) found that NY-ESO-1 and pan-MAGE CTA were significantly expressed in 57.1% and 31.2% of ACC patients, respectively. In addition, tumor expression of these two CTA has been found to be linked to a worse prognosis, since median overall survival (OS) was 282 months in the absence of NY-ESO-1 and pan-MAGE expression, 190.5 months when one of these two antigens was present, and only 90.5 months in case of simultaneous co-expression. Beppu et al. (43) estimated that MAGE-A CTA was detected in 60% of ACC tumors and represented an independent risk factor for locoregional recurrence. Finally, in addition to CTA, ACC also expresses less immunogenic tissue-differentiation TAA. Prostate-specific membrane antigen (PSMA) expression without predictive value was found in 94% of ACC patients (44).



3.1.2 ACC Cells Evade Immune Surveillance by Regulating the Expression of Membrane Receptors

Based on immunohistochemistry (IHC) analyses on 36 ACC tumor samples, Mosconi et al. (45) found that ACC expressed a high level of inhibitory immune membrane proteins, particularly PD-L2 and HLA-G. Notably, PD-L1 expression was systematically negative, and CTLA-4 expression was low, which are the targets of most current immune checkpoint inhibitors. PD-L2 expression has a prognosis value: Chang et al. (46) demonstrated that low PD-L2 expression was associated with a shorter RFS in a cohort of 70 patients with malignant salivary gland tumors (including 15 ACC). In addition, ACC cells have a reduced expression of ICAM-1 adhesion protein (47), and IHC analysis of tumor samples demonstrated reduced staining for surface antigens of T cells, NK cells, macrophage (TIA1 and CD68) (47), and antigen-presenting cells (APC) (CD1a and CD83) (45). It has consequently been proposed that the reduced ACC membrane expression of ICAM-1 might promote immune evasion by limiting the ICAM-1/LFA-1-mediated interaction between ACC cells and anti-tumoral immune cells. Conversely, high ICAM-1 expression was associated with a significantly better DFS for ACC (47).



3.1.3 ACC Tumoral Micro-Environment Is Characterized by a Pro-Tumoral Immune Polarization

ACC TME is characterized by a pro-tumoral polarization. Based on WES of 76 malignant salivary tumor samples, including ACC, myoepithelial carcinomas (MECA) and salivary duct carcinomas (SDC), Linxweiler et al. (48) demonstrated that ACC had the highest infiltration of M2-polarized tumor-associated macrophages (TAM) and of myeloid-derived suppressor cells (MDSC), among all types of salivary gland carcinomas. Simultaneously, ACC TME had the lowest infiltration of anti-tumoral immune cells, with a T-cell exclusion phenotype characterized by a limited population of innate immunity cells (NK cells, mast cell, neutrophils, macrophages, and eosinophils), of APC [dendritic cells (DC)], and lymphocytes (CD8 T cells; Th1, Th2, and Th17 CD4 T cells; follicular helper T cells; regulator T cells; γδ T cells; and B cells). Sridharan et al. (49) demonstrated that alterations in the PI3K and the WNT pathways (in particular, involving FGF17, BCL2, beta-catenin, and BAMBI genes) strongly correlated with a lack of immune-cell infiltrates in ACC TME. In addition, it was found that cytokine landscape of ACC TME contributed to its pro-tumoral properties: CCL2 chemokine produced by ACC cells recruit M2-polarized TAM, which, in response, increase tumor cell invasive and migrative properties by secreting glial cell line-derived neurotrophic factor (GDNF).




3.2 CIRT and Immune System Modulation


3.2.1 CIRT Increases Tumoral Cell Immunogenicity

Imadome et al. (50) found that CIRT upregulated stress-responsive genes and immunity-related cell-communication genes (notably ICAM1) in tumor cells. At the same time, CIRT increased gene expression of cytokines and chemokines. Six to 36 hours after CIRT irradiation, Ohkubo et al. (51) demonstrated that an increased expression of ICAM-1 membrane receptor could be observed, which interacts with APC through their LFA1 receptors, but which is usually downregulated in ACC tumors (47). Based on murine lung tumor models, it was demonstrated that combination of CIRT with DC inhibited the development of lung metastases (51), while Ando et al. (52) evidenced that CIRT increased tumor cells immunogenicity and DC activation to a higher level than photon beam radiotherapy, as evidenced by greater CD40 and IL-12 level.



3.2.2 CIRT Activates Adaptative Immunity

Hartman et al. (53) found in vitro that CIRT and photon beam radiotherapy had common radiobiological properties such as induction of cell cycle arrest, surface expression of immune-modulating molecules, and activation of cytotoxic lymphocytes. Nevertheless, other authors have suggested that CIRT-induced immune activation might be more potent. Spina et al. (54) demonstrated that CIRT could induce a more pro-inflammatory cytokine landscape compared with photon beam radiotherapy on mammary tumor cell lines: high levels of IL-2, IL-1β, and IFNγ were observed after CIRT (compared with an isolated IL-6 increase after photon radiotherapy). Simultaneously, CIRT induced an activated CD8 TIL phenotype in TME, as evidenced by high levels of granzyme B, IL-2, and TNFα expression, while the authors found that photon therapy decreased CD8 TILs. Takahashi et al. (55) demonstrated that, when combined with anti-PD-L1 and anti-CTLA-4 immunotherapies, CIRT substantially increased CD8 TIL infiltrates and HMGB-1 level, a potent danger-associated molecular pattern (DAMP), suggesting a rational therapeutic strategy combining immune checkpoint inhibitors with CIRT.



3.2.3 TME Acquires Anti-Tumoral Polarization After CIRT Irradiation

In a murine glioblastoma model, Chiblak et al. (56) demonstrated that CIRT reduced the population of M2-polarized TAM and MDSC while simultaneously increasing CD8 TILs, compared with photon beam radiotherapy. Xie et al. (57) further evidenced that low-dose whole-body CIRT of mice (up to 0.05Gy) might increase NK cell activity and induce an IFNγ pro-inflammatory cytokine signature. The propensity of CIRT to induce an immune-permissive anti-tumoral TME might be of significant interest for ACC management.





4 Clinical Considerations on ACC Irradiation With CIRT


4.1 Photon RT Leads to Substantial Toxicity Due to Critical OAR Radiation Exposure

Photon radiotherapy for ACC management usually leads to unsatisfying exposure of organs-at-risk (OAR) with substantial toxicity. On the other hand, CIRT, taking advantage of a superior dose deposition characterized by a Bragg peak, increases OAR sparing.


4.1.1 OAR Toxicity for Head and Neck ACC Treated With Photon RT

Münter et al. (58) irradiated with intensity-modulated radiation therapy (IMRT) 17 ACC localized at the base of the skull or in maxillary sinuses with a median dose of 66Gy observed 20% of grade 3 mucositis. For sinonasal tumors (including 4 ACC patients) treated to the median dose of 70 Gy with IMRT, Madani et al. (59) also found non-negligible radiation-induced toxicity with 14.1% of grade 3 mucositis, 5.1% of grade 3 dysphagia, 5.1% of grade 3 dermatitis, and three cases of asymptomatic radio-necrosis. Lesueur et al. (60) evaluated that lachrymal ACC radiation therapy could be associated with brain radio-necrosis, bone exposure, radiation neuropathy, secondary glaucoma, and radiation neuropathy.



4.1.2 OAR Toxicity for Thoracic ACC Treated With Photon RT

Thoracic ACC RT exposes multiple OARs: the heart, the lungs, the esophagus, the trachea, and the thyroid. Out of 31 tracheal ACC patients treated with photon RT (mean dose of 62 Gy), Levy et al. (61) observed five tracheal stenoses, four dyspnea, five hypothyroidism, and four pericarditis. Je et al. (62) irradiated 13 tracheal ACC patients with photon RT (59.4 Gy in an adjuvant setting and 74.4 Gy in a definitive setting): two patients developed tracheal stenoses, and both died (abrupt respiratory failure after 1 year and tracheal infection after 13 years). Finally, Dracham et al. (63) treated 19 tracheal ACC patients with photon RT (50 Gy for adjuvant and 67.8 Gy for definitive setting) and observed seven grade ≥2 acute pneumonitis and two grade 3 esophagitis.



4.1.3 OAR Toxicity for Digestive and Pelvic ACC Treated With Photon RT

The largest cohort of Bartholin’s gland ACC has been reported by Cardosi et al. (2) consisting of 12 patients treated with surgery; seven patients underwent adjuvant RT. One vulva radio-necrosis was observed, followed by a grade 5 sepsis, and one patient developed concomitant digestive and urinary fistulas. It should be recalled that fistulas have a significant impact on the quality of life of the patient. Zelga et al. (64)demonstrated that the simplest and safest treatment of radiation-induced rectovaginal fistulas was a fecal diversion with an ileostomy. While cardia (65) and esophageal (3) ACC exist, no report of RT-induced toxicity with photon RT has been published to this date; nevertheless, CIRT is expected to reduce radiation exposure to the unaffected digestive tract and to the heart.




4.2 Evidence of CIRT by ACC Tumor Site


4.2.1 Materials and Methods

A search was conducted on the PubMed, Medline, Google Scholar, Cochrane library and Web of Science databases using the following keywords: [“particle therapy” or “hadrontherapy” or “carbon ion” or “CIRT” or “heavy ion” or “ion beam” or “ion radiation”] and [“adenoid cystic carcinoma” OR “ACC”]. Search was independently conducted by PL and EO. Inclusion criteria, defined using the PICOS framework, were the following: clinical studies (trials, prospective or retrospectives studies, and case reports) evaluating CIRT for ACC, in any setting, and reporting toxicity and efficacy data. Exclusion criteria were pre-clinical or purely dosimetric studies. References from the selected studies were screened for potential additional articles.



4.2.2 Head and Neck (Primary Tumor)

The current clinical experience of CIRT for ACC is summarized in the Table 3. CIRT has been evaluated as a sole modality for definitive irradiation of head and neck ACC by Japanese centers. Mizoe et al. (67) evaluated the efficacy of 64 Gy(RBE) on 236 patients with head and neck cancers, including 69 ACC (mostly from the paranasal sinuses), with 5-year LC and OS of 73% and 68%, respectively. Sulaiman et al. (68) retrospectively described the outcome of all ACC patients treated in the four active CIRT facilities in Japan treated between 2003 and 2014. Overall, 289 ACC patients were treated with a median CIRT dose of 64 Gy(RBE) (ranging between 55.2 Gy(RBE) and 70.4 Gy(RBE)); 2-year OS, PFS, LC were 94%; 68% and 88%, respectively. Two patients died from bleeding ulcers, and 15% of all patients developed grade ≥3 toxicity. Ikawa et al. (71) observed 5-year LC and OS of 78.8% and 58.3% in a cohort of 74 oral non-squamous cell carcinomas, including 34 ACC patients, treated with doses ranging from 57.6 to 64 Gy(RBE). Analyses of specific tumoral localization demonstrated the efficacy of CIRT for ACC arising from the nasopharynx (72) (2-year LC: 88%), from the paranasal sinuses (73)(5-year LC: 51%), from the tongue (74)(5-year LC: 92%), from the parotid (66) (5-year LC: 74.5%), or from the lacrimal gland (69)(5-year LC: 62%).


Table 3 | Clinical studies evaluating carbon ion radiation therapy (CIRT) for adenoid cystic carcinoma (ACC) irradiation.



An alternative approach has been evaluated at the Heidelberg Ion-Beam Therapy Center, using CIRT as a boost to conventional photon radiotherapy. In 2004, Schulz-Ertner et al. (70) obtained a 3-year LC of 62% on a series of 21 patients affected by head and neck unfavorable and locally advanced ACC, using an 18 Gy(RBE) CIRT boost coupled to photon radiotherapy delivering 54 Gy. Similarly, using CIRT as an 18-24 Gy(RBE) boost to IMRT photon radiotherapy (50-56Gy), Akbaba et al. (76) treated 59 nasopharyngeal ACC patients to a 2-year LC, distant PFS and OS of 83% 81% and 87%. Seven patients developed acute grade 3 toxicities (mucositis, dysphagia, and odynophagia) and four patients had late grade 3 toxicities (locked jaw, tympanic effusion, and hypopituitarism). Akbaba et al. (75) treated 227 patients for sinonasal ACC with an 18-24 Gy(RBE) CIRT boost added to IMRT radiotherapy (48-56Gy). With a median follow-up of 50 months, 3-year local control was 79% when treated in a definitive context and 82% when treated in an adjuvant setting. Acute toxicity was observed for 34.4% of the patients in a definitive setting and for 41.6% in an adjuvant setting. CIRT as a boost to IMRT has also been evaluated for laryngeal ACC (80), demonstrating an excellent local control on a cohort of eight ACC patients without any relapse at 24 months. Lacrimal ACC has also been treated with a CIRT boost (81), with a 2-year local control of 93%.



4.2.3 Head and Neck (Reirradiation)

Jensen et al. (82) re-irradiated 52 recurrent head and neck ACC with a median dose of 51 Gy(RBE). Median follow-up was 14 months; one-year local and distant controls were 70.3% and 72.6% respectively. Held et al. (83) re-irradiated 124 ACC, in a cohort of 229 patients (54%) with recurrent head and neck cancers. The median reirradiation dose was 51 Gy(RBE). Median PFS and OS were respectively 24.2 months and 26.1 months. Hayashi (84) evaluated CIRT reirradiation on 17 ACC on a cohort of 48 patients with recurrent head and neck tumors. The median reirradiation doses ranged between 40.0 Gy(RBE) and 64 Gy(RBE) in 8 to 16 fractions. The median follow-up was 27.1 months; two-year local control, locoregional control, PFS and OS were 40.5%, 33.5%, 29.4% and 59.6% respectively. There was 10.4% of acute grade 3 toxicity and 37.5% of late grade 3 toxicity, including one grade 5 central nervous system necrosis. Finally, Vischioni et al. (85) evaluated CIRT re-irradiation on 38 ACC in a cohort of 51 patients (75%). The median prescription dose was 60 Gy(RBE). The median follow-up was 19 months; two-year PFS and OS were 52.2% and 64%. Two other studies have CIRT for head and neck recurrent tumor re-irradiation, but ACC histologies only represented a minority of the included cases: Combs et al. (77), who treated four ACC on a cohort of 28 patients, and Gao et al. (78) with 10 ACC on a cohort of 141 patients.



4.2.4 Thoracic, Abdomen and Pelvis

Chen et al. (86) treated 18 patients with tracheobronchial adenoid cystic carcinoma with definitive CIRT treatment. Prescription doses ranged between 66 Gy(RBE) and 72 Gy(RBE). With a median FU of 20.7 months, the overall response rate (ORR) was 88.2%, and the 2-year OS, local control rate, and PFS were respectively 100%, 100%, and 61.4%. One G4 tracheal stenosis was observed, but no other grade 3 toxicity. Högerle et al. (79) treated six patients with tracheal ACC with CIRT (four patients received CIRT as a targeted boost added to photon irradiation); one patient was treated in an adjuvant setting, while six patients received definitive CIRT treatment. Prescription doses ranged between 60 Gy(RBE) and 74.4 Gy(RBE). One-year OS, freedom from local progression, and freedom from distant progression were both 100%. One grade 4 stomatitis was observed, but no other G3 toxicity. CIRT has also been proposed for gynecological ACC (87), but available clinical data is limited; to this date, only one patient seems to have been treated for a Bartholin’s gland ACC, with a 24 Gy(RBE) CIRT boost added to IMRT (50 Gy) (88).




4.3 Present and Future Considerations for CIRT Practice


4.3.1 Treatment Planning System Considerations

Molinelli et al. (89) evaluated the possible prescription corrections in CIRT planning when comparing the modified microdosimetric kinetic model (mMKM) and the local effect model (LEM) relative biological effectiveness (RBE) models; overall, a 64 Gy(RBE) prescribed to the target volumes based on the mMKM model was found to be close to that of 68.8 Gy(RBE) with the LEM model. A new calculation of the OAR dose constraints, adapted to the RBE calculation model was therefore recommended in order to enhance the target control probability, such as for brain stem and optic pathway (90, 91).

For a full CIRT irradiation, ACC is generally irradiated with a sequential strategy consisting of a first phase of nine to ten fractions to a low-risk volume (including the surgical bed and zones at risk of perineural spread), followed by a second phase of six to seven fractions to a high risk volume (boost), with a unique nominal dose per fraction, according to the protocol adopted in Japan since 1997 (67). In this context, CIRT is usually delivered with a limited number of beams, typically two or three, achieving both a high conformation and an improved normal tissue sparing. However, in the absence of isocentric CIRT gantry, only fixed beam irradiations are available (which is for instance the case at CNAO) and it is difficult to change the beam arrangement between the two sequential phases: as a consequence, part of the low-risk volume receives unintended dose from the beam paths of the boost phase. A simultaneous integrated boost (SIB) approach is thus being evaluated at CNAO, in comparison to the sequential protocol, to improve the dose distribution of the two target volumes.

Robust planning is of prime importance for CIRT, to take into account range and positioning uncertainties (92). Finally, the use of Monte-Carlo algorithms combined with GPU-running processors make it possible to carry out extremely fast calculations, thus allowing the combination of accurate physical dose computation with biological effects modelling as well as inverse planning for CIRT, with a reasonable calculation time (93).



4.3.2 Monitoring Tumoral Response and Anatomical Changes

The predicted range of carbon ion beams should be calculated as precisely as possible during treatment planning and treatment delivery. While small errors in margins quantification with photon RT leads to target underdosage, such errors with CIRT may have critical consequences; due to the sharp dose diminution at the distal edge of the Bragg peak, parts of the tumor might not receive any dose. The location of the distal dose fall-off notably depends on anatomical modifications, and minor anatomical changes might consequently negatively affect target coverage as well as substantially increase OAR toxicity. For head and neck ACC irradiation, where multiple nearby OARs have critical functions, CIRT might thus benefit from advanced techniques to monitor tumor response and potential anatomical changes during irradiation. This could for example be conveniently done by systematic CT scan reevaluations, the implementation of image guided CIRT, or robust planning. The dosimetric interest of adaptative planning for CIRT, relying on daily CT imaging, has been demonstrated for pancreatic irradiation (94) and might be conveniently implemented in the near future in clinical practice for hadrontherapy, possibly relying on automatic tools (95, 96). Fiorina et al. (97) demonstrated that in-beam positron emission tomography (PET) imageries allowed detection of morphological changes for head and neck proton therapy in clinical practice; while the primary fluence is lower in CIRT which introduces additional uncertainties compared to proton treatments, such devices have been successfully evaluated in phantoms for CIRT (98, 99) with a 1mm to 2mm agreement on the range prediction.





5 Discussion

We have detailed the rationale to use CIRT for ACC management, based on immunological, molecular, and pathological considerations, even though no in vitro or preclinical study have specifically evaluated CIRT irradiation on ACC cell lines to date. In addition, clinical data demonstrate that CIRT is associated with superior local control compared to conventional photon radiotherapy. In the future, further improvement of the outcomes of ACC treatment with CIRT may be possible by personalizing the treatment by taking into account ACC molecular and pathological features. Vered et al. (100) found that around 85% of ACC expressed EGFR receptors, which motivated the use of anti-EGFR systemic therapies in addition to radiation therapy, as radiosensitizers and to increase micrometastatic disease control. Adeberg et al. (101) recently evaluated adjunction of Cetuximab to photon radiation therapy (54 Gy) with a CIRT boost [24 Gy(RBE)], in 33 head and neck ACC patients. The toxicity was noticeable since 17% of the patients developed grade 3 rashes, 22% grade 3 radiation dermatitis and 48% grade 3 mucositis, but tumoral control was encouraging with a three-year DFS and OS of 67% and 90%, respectively. The ongoing NCT02942693 trial is a 2-arm study evaluating six weeks of Apatinib, an anti-VEGFR2 drug, followed by mixed irradiation with 56 Gy in photons and 15 Gy(RBE) in carbons. Immunotherapy combined with CIRT, although potentially attractive, considering the immunomodulatory effects of CIRT, is not currently evaluated in clinical trials.

However, CIRT might face competition with low-LET RT techniques for ACC management in the future. Takagi et al. (102) evaluated the outcome of 40 ACC patients treated with proton beam therapy (PBT) and 40 patients treated with CIRT; no difference between PBT and CIRT were observed in terms of OS, PFS, or local control at 5 years. However, in addition to the inherent weakness of a retrospective non-randomized comparison, there was a significant difference in the equivalent dose prescription between treatment groups in favor of PBT. Patient selection for CIRT (instead of PBT) must consequently be defined; NTCP or dosimetric considerations could be used. In some specific cases, fear of adverse events in case of rapid tumor shrinkage second to CIRT irradiation might justify considering normofractionated PBT irradiation. Reirradiation with photon stereotactic radiotherapy has been evaluated for relapsed head and neck ACC patients (103), with a total dose of 30 Gy in 5 fractions: the 3-year LC of 49% was lower than that observed with CIRT (possibly due to the relatively low prescribed dose), but this technique might be easily implemented in radiotherapy centers where hadrontherapy is not available. Other ongoing trials comparing CIRT with low-LET RT techniques include the ETOILE trial (NCT02838602) comparing CIRT and PBT or photon radiotherapy for radioresistant tumors, including ACC, and the COSMIC trial (NCT04214366) comparing CIRT with a mix of CIRT and photon beam radiotherapy for ACC. In addition, financial sustainability is an issue that may weigh against CIRT compared with other low-LET techniques. Jensen et al. (104) estimated that IMRT with a carbon boost might have a mean survival benefit of 0.86 years for a single head and neck ACC, with an incremental cost-effectiveness ratio of 20.638€ per year.

Finally, other high-LET techniques are currently being investigated for ACC, such as boron neutron capture therapy (BNCT), currently under development in various European and Asian centers. Kato et al. (105) treated one ACC patient to a dose of 14Gy, which was well-tolerated without any grade ≥2 toxicity. Other reports include Kankaanranta et al. (106), who re-irradiated four inoperable recurrent ACC and Aihara et al. (107), who treated four inoperable head and neck ACC (including two recurrent diseases). This latter reported complete response for all patients within 6 months, a median OS of 32 months and no grade ≥3 toxicity.



6 Conclusion

The use of CIRT for ACC management is motivated by immunological, molecular and clinicopathological considerations. Although no prospective randomized trials have been published to this date and might not be easily feasible, due to the rarity of ACCs and the scarce availability of particle beam RT facilities, clinical studies demonstrated that CIRT was well tolerated and associated with a substantial tumor control in diverse clinical situations, especially in advanced unresectable stages. Current technical developments ensure safe treatments.
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The physical and clinical benefits of charged particle therapy (CPT) are well recognized. However, the availability of CPT and complete exploitation of dosimetric advantages are still limited by high facility costs and technological challenges. There are extensive ongoing efforts to improve upon these, which will lead to greater accessibility, superior delivery, and therefore better treatment outcomes. Yet, the issue of cost remains a primary hurdle as utility of CPT is largely driven by the affordability, complexity and performance of current technology. Modern delivery techniques are necessary but limited by extended treatment times. Several of these aspects can be addressed by developments in the beam delivery system (BDS) which determines the overall shaping and timing capabilities enabling high quality treatments. The energy layer switching time (ELST) is a limiting constraint of the BDS and a determinant of the beam delivery time (BDT), along with the accelerator and other factors. This review evaluates the delivery process in detail, presenting the limitations and developments for the BDS and related accelerator technology, toward decreasing the BDT. As extended BDT impacts motion and has dosimetric implications for treatment, we discuss avenues to minimize the ELST and overview the clinical benefits and feasibility of a large energy acceptance BDS. These developments support the possibility of advanced modalities and faster delivery for a greater range of treatment indications which could also further reduce costs. Further work to realize methodologies such as volumetric rescanning, FLASH, arc, multi-ion and online image guided therapies are discussed. In this review we examine how increased treatment efficiency and efficacy could be achieved with improvements in beam delivery and how this could lead to faster and higher quality treatments for the future of CPT.
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1 Introduction

Access to charged particle therapy is growing rapidly worldwide. As a therapeutic modality CPT is now well established, where proton beam therapy (PBT) is the most common type. Where available, PBT is often standard practice, particularly for pediatric cases and specific tumor types [ocular, head and neck tumors (1)]. CPT has an important prospective role in reducing the growing cancer burden on a global scale, and its impact could be significant (2) however, its full potential is yet to be realized. Overcoming this requires improvements in two key areas: improving efficacy and decreasing cost.

CPT offers benefits over and above standard radiotherapy (RT) for palliative or curative treatments, offering not just physical dose escalation but also biological advantage. Yet in terms of efficacy, we cannot capitalize fully on increased radiobiological effectiveness of charged particles at present, primarily due to limitations in knowledge (3). For this reason, existing programmes of research are investigating the underlying mechanisms of CPT in terms of fundamental chemical, biological and cellular processes (4–9) to try to understand the roles of these processes in determining clinical outcomes (10–12). Nonetheless, the superior physical properties of charged particles are evident as the characteristic ‘Bragg Peak’ (BP) enables a precise dose distribution and an improved therapeutic window.

The second reason we cannot yet fully exploit the efficacy of CPT is due to technological limitations. Advanced techniques and technological improvements for CPT seek to deliver higher quality treatments with increased conformity as these translate to long-term benefits. However some of these improvements would increase, rather than decrease, the cost of the treatment.

In terms of cost (or efficiency) the gap between conventional X-ray photon RT (XRT) and CPT still exists due to the many challenges to be addressed: affordability, complexity and limitations with current technology all restrict the utility of CPT. Developments in accelerators and related technologies, beam delivery methods, verification tools, and increased clinical experience have seen growth in the number of facilities. Although availability has surged in recent years with several vendors offering competitive and commercial turn-key solutions, high capital and operational costs are still a primary issue. Many potential areas of improvement have been well identified (13–21). In general, the potential for cost reduction can be considered by decreasing the facility and machine size, operational complexities, treatment times, increasing the treatment workflow efficiency and hence throughput.

However, simply making the treatment cheap and widespread is not enough. Both efficiency and efficacy need to be improved, in other words, even in an ideal world of low-cost and widespread availability of facilities, the maximum possible clinical benefit of CPT will only be achievable if existing technical limitations are overcome. Of course, there are many improvements which can be implemented with current systems to improve treatment efficacy and cost. Yet these will be restricted by – both technological and systems-based – capabilities of the BDS: developments are necessary to better deliver CPT, at future facilities and with advanced methodologies.

Presently, the majority of CPT treatments use active pencil beam scanning (PBS), involving the intricate delivery of several thousand overlapping narrow beams, resulting in highly conformal dose distributions. Most clinical indications are treated with PBS however the lengthy beam delivery time is consequential. During treatment the beam is scanned across the target site, requiring the accelerator complex, control system and diagnostic instruments to adjust. A key bottleneck in this process is the energy layer switching time.

The slow ELST is due to technical constraints and is a prevalent issue: it can account for a majority of the BDT (22, 23). The beam moves relatively quickly across the tumor transversely, but often takes much longer to switch the beam in depth. This extends the beam-on time and long overall irradiation times can increase dose uncertainties. This is a key problem for cases where the tumor site itself may also move, for example during lung treatments, interplay effects caused by respiratory motion are unavoidable. Although different motion management approaches such as gating, rescanning and tracking can be performed, the clinical implications reduce the utility of CPT, especially for particular indications (11). Moreover, as the high dose BP region is a motivation for using CPT, sensitivity to changes in range are especially important – for heavy ions this is even greater – which impairs benefits attained from the physical and radiobiological advantages (24, 25).

There are many factors which govern the overall cost and efficacy of treatment and we identify one key underlying aspect: the beam delivery. Complimentary to the accelerator complex, the beam delivery system contributes significantly to the BDT and thus overall treatment time, forming the primary focus of this review. The scope of this review is to look at the technology pertaining to the BDS, broadly covering those aspects of the system which impact the dose delivery process and treatment time1. We review the challenges and developments needed for the BDS and related accelerator technology with the outlook of decreasing the BDT. The clinical feasibility, impact on the delivery process and potential benefits of different approaches are examined. We focus on the perspective of minimizing the ELST, its contribution and the implication of extended BDT on treatment. Lastly, we examine aspects to deliver emerging and future treatment paradigms such as FLASH, arc, multi-ion and image guided therapy.



2 Beam Delivery

The beam produced by the accelerator must be shaped and modified to deliver the dose to the target site. This involves changing the distribution of the spatial (lateral) and energy (longitudinal) spread and also often the time structure, i.e. beam modification in four-dimensions. The objective of the BDS is to deliver this beam with the required parameters prescribed by the treatment plan. In this review we define the BDS as the components after the accelerator complex which determines how the beam is shaped, transported and ultimately delivered to the patient for treatment. This encompasses the beam transport lines (BTL), diagnostic instrumentation, energy selection systems (ESS), treatment line (gantry or fixed delivery line) and treatment head. For brevity, we focus mainly on the BTL, treatment line and delivery system for PBS (Figure 1).




Figure 1 | Illustration overviewing the main components in a CPT treatment facility. The BDS is shown to include the BTL (beam instrumentation and devices which may alter the energy or shape of the beam) and treatment line (fixed line or here, a gantry).



Treatments can take anywhere from a few minutes to more than half an hour, depending on the tumor type, size and complexity of the plan. This is determined by the BDT, additional activities including patient set-up (immobilisation, imaging, unload etc.) and equipment related checks (couch positioning, beam checks, readying beam devices etc.). The BDT consists of the actual irradiation ‘beam-on’ time and the ‘beam-off’ time, spent requesting and waiting on the beam after adjustments or between fields.

A quantitative analysis of PBT treatments by Suzuki et al. (26) reported that approximately 80% of treatment time was spent on these additional activities with the remaining 20% contributed by the BDT. Total treatment time is shown to increase with the number of fields; complex cases required the same amount of time to carry out patient-related activities but accrued larger contributions from equipment checks and the BDT. Reductions in these latter aspects have more potential to improve the efficiency as patient-related process times can vary widely, depend on the physical and clinical condition of the patient and cannot necessarily be improved with technology. Furthermore, shorter treatment times are preferred not just for cost but also due to difficulty of immobilisation and set-up of patients for 30 minutes or longer. As discussed by Nystrom & Paganetti et al. (13), a faster BDT can result in a significant gain in treatment efficiency, particularly for multi-room facilities with high waiting times. Evidently, any increase in treatment efficiency is valuable.

Decreasing BDT is complex as prescribed treatment plans are not standardized: the BDS, accelerator and other systems vary at each facility and the delivery efficiency depends on numerous technology-related factors. Facilities have different equipment vendors, number of rooms, delivery systems etc. and often adopt different processes: these characteristics all influence the delivery procedures implemented (27). Meanwhile the treatment plan calculates the number of spots and layers to deliver the required dose distribution to the target volume. Nystrom & Paganetti et al. (13) state the three main components which constitute the delivery time for a treatment field: time to irradiate a spot, time to move between spots and the time to change beam energy. Speeding up any of these components can shorten BDT however they are not independent variables. Delivering a faster treatment is not straightforward; it is not solely dependent on the capabilities of the BDS itself but is a multi-faceted problem. The contributing factors which impact the dose delivery and BDT are illustrated in Figure 2.




Figure 2 | Overview of PBS beam delivery and different motion mitigation strategies. Breakdown of contributions to the BDT from the beam production, beam transport and dose delivery processes.




2.1 Pencil Beam Scanning

The planned dose distribution determines the requested parameters within the limits of the source, accelerator and beam transport lines, including the beam energies, size at isocentre, intensities and delivery channels. Each different configuration can total to thousands of available beam combinations (28), these multiple beams produce a 3D dose distribution where the entire process can amount to long treatment times. For PBS delivery, the beam is magnetically deflected across the tumor in the transverse plane across one layer or an iso-energy slice (IES), then adjusted longitudinally to a shorter depth (typically a decrease in proton range of 5 mm in water) and repeated (Figure 3).




Figure 3 | Active PBS. The BDS delivers a conformal dose distribution to the treatment volume by scanning the beam along a calculated path in the transverse plane. The beam energy is then adjusted to change the depth (typically lower in energy), switching to a proximal IES, scanning through subsequent layers.



Different scanning techniques (spot, raster and line/continuous) may be used with optimization methods to deliver the beam and irradiate each layer. Spot and raster scanning is usually dose driven, where progression through the spots occur when the prescribed number of protons have been delivered. Continuous line scanning moves the beam according to a calculated path dependent on time and consequently, may be affected by beam current variations (29). This requires a continuous beam, where the quick delivery also makes it more challenging to validate and monitor (13). For all techniques, the dose is painted such that the accumulation of the distribution in both planes results in sufficient tumor volume coverage (Figure 4).




Figure 4 | Spot, raster and continuous line scanning patterns for PBS delivery. Spots and solid lines indicate beam-on irradiation and dashed lines indicate movement with beam-off. For spot scanning, the beam is turned off between movement to the next spot but remains on for the whole delivery in raster scanning. For continuous line scanning, the dose is delivered across a linear path (rather than as spots) and may be turned off between movement to subsequent lines.





2.2 BDT Time Components

The delivery of a field combines multiple aspects of the BDS: if we consider only the beam delivery process, this can be approximated to include the [T1] transverse scanning, [T2] energy adjustment and [T3] systematic dead times (Figure 5). These estimations are provided (within applicable orders of magnitude) as based on broadly reported values.




Figure 5 | Major BDS components and corresponding factors which contribute to BDT.



The [T1A] staying or ‘dwell’ time at a position varies according to the intended amount of dose (and extracted beam intensity); it can be down to 0.1 ms (30) however is likely to be of the order of 1’s ms (31). The [T1B] transition time to the next position can be ~3 ms (29, 32) or ~10 ms between raster points (33). For line scanning, [T1C] could be 5 ms for a line and [T1D] 5 ms to move to the next line (34). Irradiation time for a single IES [T1] depends on the size of the distribution: it increases linearly with the number of spots, likely needing at least ~100 ms.

[T2] ranges from 80 ms to a few seconds (16), faster energy modulation is possible with cyclotrons and synchrocyclotrons, and slower direct energy adjustments with synchrotrons. This is discussed in detail later in Section 3.2; the fastest reported ELSTs are listed in Table 1.


Table 1 | Reported minimum ELSTs ([T2]) for currently used clinical cyclotron, slow cycling synchrotron and synchrocyclotron accelerators.



[T3] ionization chamber measurement times average ~0.1 ms (13, 28). ACS and diagnostic safety checks ensure correct beam parameters (spot size, position, intensity etc.). As reported by Schoemers et al. (41), measurement times are a bottom line limit across the BDS and similarly for continuous scanning, the lower bound is determined by the instrumentation speed (21); at least 1 ms for an IES is required.

The BDT is a function of the irradiation sequencing and indeed, a larger tumor volume or higher number of IES recruits more of these actions [T1–3], amounting to a longer BDT. Independently, the irradiation time is also determined by the intensity of the beam produced by the accelerator (16, 41). As a standard (PBT) clinical minimum, most facilities have the capability of delivering dose rates of 2 Gy/min to a 1 L volume, 10–20 cm deep (42). This equates to beam currents of 100’s nA at the patient, varying for accelerator type. However, even at facilities which are able to achieve higher dose rates, there are practical limitations with operation at higher intensities (Section 3.1).




3 Limitations and Avenues For Improvements


3.1 Accelerators

The timing structure of delivered beams varies significantly between different types of accelerators, as they have different technological and safety limitations. In this section we present the main operational patterns and optimization challenges for synchrotrons, cyclotrons, synchrocyclotrons and other accelerators that may soon be available for PBT or CPT facilities (Figure 6).




Figure 6 | Synchrotron at the MedAustron facility (43) and COMET cyclotron (for PBT) at PSI (44). Gantry-mounted Mevion S250i synchrocyclotron (Mevion Medical Systems, Inc.). Depiction of the AVO LIGHT LINAC with the radiofrequency quadrupole, side coupled drift tube LINAC and coupled cavity LINAC sections highlighted (45).




3.1.1 Synchrotrons

The most common operation pattern for synchrotrons starts by injecting a beam pulse from a radiofrequency quadrupole (RFQ) and linear accelerator (LINAC) at up to ~5 MeV/u (order of 10–100 μs) of ~1011 protons (or ~109 carbon ions) into the main synchrotron ring. The beam is accelerated in ~1 s to the desired energy, then slowly but continuously extracted and transported to the irradiation room to treat a specific treatment slice. While extraction processes are typically capable to deliver the entire accumulated charge in <100 ms, the process is intentionally extended to safely match the maximum supported scanning speeds in the transverse plane.

After delivery to one IES is completed, the particles still circulating in the synchrotron are dumped and all the magnets of the main ring are ramped to their maximum current and back to injection levels in typically ~1–2 s. This process, often called ‘magnet washing’ (~100’s ms), ensures reproducibility of the magnetic field in the presence of hysteresis of ferromagnetic components. If the number of particles injected into the synchrotron is not sufficient to deliver the required dose at the specific energy, more pulses will be injected, accelerated, and delivered. For injection pulses of the order of ~1011 protons, only the treatment of large lesions (>1 L) in combination with hypofractionation requires more than one injection for the IES. The total time required to change energy (or refill the main ring) is of the order of ~2–4 s.

Two significant technological solutions exist which can drastically reduce the time required to change energy or refill the ring. This can be shortened to ~1–2 s by decreasing the time required to wash the magnets by employing an active regulation of the magnet power supply output, based on live measurement of the magnetic field (46, 47). However the technology necessary for active regulation of quadrupoles or sextupoles has not yet been implemented in clinical machines.

Another technique is called multiple energy extraction (MEE) operation (or extended flattop operation) and aims to reducing only (but drastically) the time required to change energy. In MEE (48) the beam can be extracted across several energy levels in a single spill; this enables the delivery of successive IES without needing to wait for re-/acceleration. The unused part of the beam circulating after completion of a slice is re-accelerated (or decelerated) instead of being dumped in preparation for a re-injection. Although the process is not completely lossless, it requires only roughly ~100 ms (37, 49) to change beam energy2. Younkin et al. (50) performed a study to quantify BDT savings with MEE implemented at a synchrotron PBT facility, finding an average BDT reduction of 35%. The ELST was reduced by ~90% from ~2 s to 200 ms with MEE. Additional savings could also be achieved by improving charge, extraction limits and charge recapture rates: these depend on the performance and limits of the synchrotron3.

The extraction mechanism most often used in synchrotron ion beam therapy facilities is based around two methods: a slow resonant mechanism which is usually driven by a transverse excitation [RF knockout (RF-KO) (51, 52)] or a longitudinally slowly induced energy change [Betatron magnet (47, 53, 54)]. For slow resonant extraction, the beam can be kept bunched throughout the extraction process, making re-acceleration (or deceleration) a delicate but feasible process. However, this produces fundamentally different beam distributions in the horizontal and vertical plane. This requires an optics matching stage in the BTL, often realized by inserting a thin foil that spreads the beam to equalize the particle distributions. The foil orientation might also require mechanical adjustment at different energies, potentially limiting the ELST4.

The second technique requires the de-bunching of the beam, which makes further re-acceleration (or deceleration) theoretically possible (RF front acceleration), but extremely challenging, loss prone and potentially time consuming. Facilities not originally designed for MEE operation exhibit the trend to implement RF-KO first rather than attempting other retro-fitted techniques (56–58). The direction of energy change is typically fixed (e.g. always increases or decreases), because an up-down energy scanning would violate the reproducibility of the main ring magnetic field due to hysteresis effects. A magnetic field active regulation control would be necessary for this feature.

Alternative extraction techniques which are compatible with bunched beams are based on optics changes often used in larger synchrotrons for non-clinical applications (59). These could be applied in the future but so far promise limited advantages for small machines dedicated to therapy. The limited benefits offered by MEE operations for hypofractionated treatments can be overcome by increasing the particle filling of the ring.

It is not uncommon for an IES to host a vast dynamic range of dose among its spots. If the beam intensity is kept constant, it has to be as low as necessary to fulfil a minimum dwell time on the lowest rated spot. Synchrotrons that adopt RF-KO can regulate the extraction speed of the accumulated charge spot-by-spot, with fast feedforward loops (60, 61). The properties of the beam are largely independent of the strength of the field applied. This feature can reduce the BDT considerably and is already implemented in most of the latest generation commercial solutions.

Although it is not the focus of this work, it is worth mentioning that synchrotrons are often chosen by therapy centres also for their capability and ease of delivering multiple particle species (proton, He, C, O, etc.), assuming multiple ion sources are used for each species. The time required to switch particle species is driven by the change and stabilization of the field in the injector and low/medium energy BTL magnets. In some tests at NIRS-QST this was chosen to be ~20 s (62) but could potentially be reduced to only a few seconds with a dedicated design and development of the source, injector and overall control system (63).



3.1.2 Cyclotrons & Synchrocyclotrons

The most common choice for PBT is the cyclotron (mostly isochronous cyclotrons), which accelerates protons to a single (maximum) energy5. The beam is typically available as a continuous wave beam with a micro-bunch structure of 100’s MHz. As the extraction energy is fixed, material must be inserted in the beamline to change the energy. This produces large losses [i.e. >99% of the beam can be lost (66)] especially when selecting lower energies, resulting in a radioactive hot spot and a beam with a very large distribution of energies, not suitable for precise 3D conformal dose delivery. Therefore, an ESS usually follows the energy degrader, consisting of several devices (degraders i.e. carbon or graphite wedges, collimators, slits, magnets, diagnostics etc.) which are necessary to modify the beam for the correct parameters for treatment. The transmission, quality and distribution of the beam is affected by interactions with objects in the beam path (the increase in distal penumbra from the energy spread can be up to 10 mm) (16). The optics is designed to create a section with a large dispersion, where slits are inserted to trim the beam and reduce the energy spread.

Compared to synchrotrons, the time taken to mechanically insert the beam modifying devices is relatively quick (~10’s ms) for small energy adjustments. The use of actuated static wedges with time compensation and fast deflecting magnets (range adaptation) is reported to be the fastest method, changing energies in less than 20 ms (67). At PSI the wedge positioning takes 50 ms; Pedroni et al. (35) report the fastest energy modulation times are achievable on gantry 2 (G2) at 80 ms. Delays are caused by stabilization of the dipole magnets in the BTL and gantry. The direction of the energy change is not limited by the accelerator (can change up and down in any sequence), but the reproducibility of the magnetic field in the ESS. Thehysteresis of ferromagnetic components in the BTL typically restricts fast energy change to one direction only, with a magnet wash required before each direction swap. The BDS magnets must be ramped to accommodate different energies: the time taken to vary and reset the magnetic fields in the BDS determine the ELST time. This also holds true for synchrotron facilities however, the times required for energy changes with the accelerator far surpass these at present.

Spot-by-spot intensity modulation (as done with synchrotrons) is possible, but more complex to achieve for cyclotrons and LINACs because they do not accumulate charge. The dose rate can be regulated by either modifying the extracted current from the ion source or by forcefully reducing the transmission throughout the accelerator. Although many parameters can be found in every design that could achieve this goal, it is extremely difficult to avoid affecting other beam properties at the same time (68, 69), especially in the very wide dynamic range (2 orders of magnitude) required to fully exploit this feature.

Superconducting synchrocyclotrons produce a pulsed beam (few μs, every 1–2 ms) as they are not isochronous (42, 70). Only one or a few pulses-per-spot is usually necessary. Synchrocyclotrons can bypass the limiting constraints of the BDS magnets with single room systems (for PBT) where the accelerator is gantry-mounted and the entire machine rotates around the patient. Energy changes are performed using an energy modulation system; like a regular cyclotron this comprises polycarbonate plates, range shifters, absorbers or other devices which physically attenuate the beam (71, 72). ELSTs as fast as ~50 ms, for changes of 2.1 mm in water equivalent thickness have been achieved (40). Although synchrocyclotrons have a smaller footprint and fast energy modulation, the achievable beam parameters and pulse structure are insufficient for continuous PBS delivery (13).



3.1.3 LINACs, Laser-Driven & Fixed Field Alternating Gradient Accelerators

Linear accelerators are already ubiquitous in hospitals as compact sources for conventional XRT. Using a LINAC for protons or ions is more challenging: they are physically much larger, in part because the velocity of the particles changes significantly in the clinical energy range, thus the physical length of accelerating gaps must accommodate for this throughout the accelerator. A proposed LINAC-based solution from Advanced Oncotherapy (73) includes: a high-frequency RF quadrupole design at 750 MHz, originating from CERN, and a side-coupled 3 GHz LINAC for the high-energy accelerating section originating from the TERA foundation (74, 75). Above a threshold minimum energy (~70 MeV for protons),modular cavities are used to enable the LINAC to change energy. This is an unusual LINAC design, but enables the beam energy to be precisely regulated pulse-by-pulse at rates of ~200 Hz. This translates into a minimum time for energy change of just 5 ms (16). Technology capable of supporting kHz pulse rates for lower ELSTs exists. A LINAC is capable of switching energy in any direction but the remaining bottleneck would be the magnetic reproducibility in the BDS.

Recent studies on clinical suitability for LINACs show that the production of a stable spot size with energy can result in increased conformity particularly for deep tumors (76), and the ability to vary spot size on demand while delivering protons at FLASH dose rates could lead to LINACs having greater conformity and larger tumor volume capability compared to cyclotrons (77).

Additionally, LINAC designs could also be adjusted to accelerate different particle species, where particle switching times are limited by magnetic field changes and stabilisation in the ion source and low energy section. Cavities with increasingly higher accelerating gradients are being designed and proposed, exploiting synergies with accelerators developed for high energy particle physics experiments. This trend could also contribute to shrinking the injector stage of synchrotrons. Although the most pursued R&D is a reduction of the facility footprint, LINACs capable of accelerating orders of magnitude larger currents of protons and light ions to ~10 MeV exist or are being developed6 (79–81).

Another concept which has been considered are laser-driven accelerators. Although much interest has been generated since the early 2000s, progress has been slower than initially anticipated, primarily due to limitations in laser repetition rate, beam intensity, control and reproducibility (82). Proposals exist to use laser-driven ions both as a pre-accelerator into a synchrotron (83) – in which case beam delivery aspects remain as they are at present – or more radically to replace the entire magnetic beam delivery system with an optical one (84). Compared to conventional ion sources, laser-driven beams have large energy spread or even an exponential energy distribution over the full energy range and large divergence, which makes efficient beam transport very challenging (85). A realistic implementation would likely require a beam capture, ESS, collimation and BDS. Existing studies focusing on protons only have proposed high field (>8 T) pulsed solenoids for beam capture, although in some cases a conventional quadrupole triplet could be considered (86, 87). This latter option faces challenges in controlling ion species, energy spread, energy control and other aspects (88).

Alternatively, a potential future option is the Fixed Field Alternating Gradient (FFA) accelerator, which has static (in time) magnets but a beam orbit which spirals slightly outward with increasing beam energy7. Unlike the cyclotron, the energy range of the FFA is in principle limitless, so heavier ions including carbon can also be accelerated to clinical energies.

FFAs have many potential applications as they can be compact in size, with fast acceleration and high beam current (89). The largest limitation is that this technology is less well-established than synchrotrons or cyclotrons: few accelerator physicists, engineers and component suppliers are familiar with this type of machine. However, they were first proposed back in the 1960s and have been developing rapidly in the last two decades. A number of FFAs have been constructed, the most relevant being the two 150 MeV proton FFAs constructed in the early 2000s in Japan (90) with 100 Hz repetition rates which have been the subject of detailed beam studies and characterisation (91). New designs for proton and ion therapy, including superconducting designs, have not yet been prototyped or constructed.

In general this type of accelerator produces a pulsed beam. This leads to a key advantage of the FFA for charged particle therapy: fast variable energy extraction, usually with single-turn extraction8. Extraction can occur at any time in the acceleration process, dictating the beam energy. A second advantage is that the FFA removes magnet ramping, overcoming hysteresis or magnet washing issues, so the pulse repetition rate of the FFA can be much higher than a synchrotron: a rate of 1 kHz was the goal of a 2010 design study PAMELA (Particle Accelerator for MEdicaL Applications) (92). This is vastly different to the few seconds (<1 Hz) for a regular synchrotron or 50–70 Hz for a rapid cycling synchrotron. This rapid pulse rate has a remarkable feature of enabling pulse-by-pulse flexibility across the entire clinical energy range without limitation in energy step or direction, with a choice of particle species. This could reduce the ELST to the order of ms and also enable the possibility of interleaved treatment pulses (carbon or proton) and imaging (high energy proton) pulses delivered through the same BDS.

Removing restrictions in energy variation imposed by existing technologies could open up treatment options that are impossible at present. Nonetheless, taking full advantage of the rapid energy changes enabled by FFAs, LINACs or other machines with fast energy variation would require the BTL and/or gantry to be able to accept and deliver the extracted beam.




3.2 Energy Layer Switching Time

The transverse motion of the beam can be sped up by using continuous scanning methods and with faster dipole magnets. As discussed by Flanz & Paganetti et al. (13) scanning dipoles from 3–100 Hz are used clinically but capabilities also depend on their size, distance from the patient as well as inductance and power supply considerations. Additionally, speeds are restricted by the viability of currently available beam instrumentation tools to accurately and rapidly, measure and record dose rates.

While the transverse scanning magnets are relatively fast; it can take ~100 times longer to move the beam the same distance longitudinally. Decreasing the time to change energies between IES is a challenging issue. It is not just a singular aspect of the delivery process but is governed by several factors: primarily the accelerator and the BDS. The ELST ranges widely across facilities and can be up to an order of magnitude longer than the time it takes to scan across an IES. A comparison of minimum baseline figures for clinical accelerators are shown in Table 1.

If we consider the breakdown of time components again (Section 2.2), the BDT can be approximated by summing the different contributions. Assuming some general conditions (uniform, continuous beam intensity) with a typical PBS [T1A+B] spot delivery speed of 6.67 ms/spot [i.e. 150 spots/s; PSI report 5 ms/spot = 200 spots/s (93)]. As a practical example, we take values from a robust IMPT “standard clinical plan” for an oropharyngeal case, averaged for 5 patients over 3 fields (94) where 700 spots are needed over 42 layers. Therefore, a BDT estimate9 with a typical ELST (1 s), for a single field irradiation: 42×[T1 = 113 ms] + 41×[T2 = 1 s] + 42×[T3 = 2 ms] = 45.84 s.

For comparison, if a fast ELST (80 ms) is instead applied: 42×[T1 = 113 ms] + 41×[T2 = 80 ms] + 42×[T3 = 2 ms] = 8.12 s. Evidently, this results in a much shorter BDT; particularly for complex cases with many layers which may also need rescanning, there is an accumulation of time saved for each IES. The increasing penalty for longer ELSTs on BDT for this case is illustrated in Figure 7.




Figure 7 | BDT estimates and timing contributions for an example head and neck case (94) given a range of clinical ELSTs [T2]. Transvers scan [T1 = 4.76 s] and system dead times [T3 = 0.08 s] are assumed constant for each of the 42 IES.



Several studies have been performed which examine the time components quantitatively and evaluate the impact of the ELST on BDT, as a means to improve treatment delivery efficiency. Shen et al. (22) carried out a detailed analysis to model the BDT at a synchrotron PBT facility based on operational parameters including the ELST, average scanning speeds, spill rate, charge and extraction time, magnet preparation and verification time. The average ELST across the energy range and scanning speeds in x and y were reported as 1.91 s, 5.9 m/s and 19.3 m/s, respectively. Values determined by the model were compared with log files from a large range of delivered patient treatments to calculate the contributions to BDT. The ELST was identified as the most dominant contributor to BDT at 71%; reducing this time would greatly improve beam utility during delivery.

All components of the PBT treatment process were also comprehensively analyzed by Suzuki et al. (26) to evaluate the use factor and efficiency of beam delivery parameters for different disease sites. Although there are numerous factors, the BDS largely governs treatment efficiency which is asserted as the most important factor as it is directly related to utility and availability. For facilities which operate a busy schedule, reducing BDT can enable greater throughput; at this clinic, a 1 min reduction in BDT for a single field accumulated to treating an equivalent 10 more prostate patients a day. This can also lower costs as treatment costs scale with the total time spent by the patient in the treatment room (13).

Increasing throughput is an important consideration to improve the availability of CPT. A sensitivity analysis of daily throughput capacity – and therefore efficiency of PBS treatments – was subsequently performed at the same facility by Suzuki et al. (23). Several parameters in the treatment process were similarly studied; the BDT was reduced to the sum of the ELST and spot delivery time as a function of the treatment volume, dependent on the disease site. The ELST was reported as 2.1 s and accounted for 70–90% of the BDT for the majority of tumor volumes (<1 L). Although for this case the BDT is limited by the accelerator, a reduction in the waiting times can greatly decrease BDT: the ELST as well as room switching time account fora large part of the total treatment time. Increasing the uptime by minimizing beam-off time can significantly improve throughput (95). Nystrom and Paganetti et al. (13) emphasize that improvements in this area will have the greatest efficiency gain and that a shorter BDT will have the greatest impact on facilities with multiple rooms.

An optimization which could further reduce BDT is by splitting the beam for delivery to multiple different rooms simultaneously. This is more realistically achievable with accelerators carrying a microbunched beam structure. In this case transverse RF fields could be used to induce initial beam separation in transport lines. However, high beam intensities and continuous, reliable operation require additional degraders and shielding. The complexity and cost of the facility, ACS and other systems would nonetheless increase considerably and safety must also comply with medical standards (13, 96). Developments in the BDS and accelerator technology are needed for this; a more practical pursuit could be to optimize processes surrounding treatment set-up, room scheduling and utilization.



3.3 Beam Delivery Systems, Gantries & Fixed Beamlines

At clinical facilities, the ELST typically approaches the order of seconds with a commercially available BDS, much longer than the baseline values reported in Table 1. The time delays to change the magnetic parameters of the beamline are a bottleneck for cyclotron facilities; for synchrotrons, the use of MEE has been implemented in specific instances but is not yet universal (50). Nonetheless, it is clear that the ELST is contingent on magnet ramping speeds and will be prohibitive, particularly when considering emerging developments in the field. In fact, the cost of accelerators is in general lower than the BDS so improvements in accelerators alone will not be sufficient for CPT to reach levels of XRT adoption (25). Accordingly, Myers et al. (18) have advocated that progress with accelerators need to be matched by the BDS in order to accommodate for fast energy variation. Two possibilities are suggested: the use of superior magnets or alternatively, to increase the energy acceptance range. The first option would involve low inductance magnets that require large currents and therefore higher build and running costs. The second option has been considered frequently in literature (96–98) and is becoming more of a possibility with the realization of superconducting (SC) technology and advanced magnet designs.

The BDS contributes to a significant share of the capital and total cost for a CPT facility (24, 25) so future iterations must be designed to reduce operational and construction costs. The BDS must be able to transport the beam with high accuracy (sub-mm precision), at different specific energies and deliver the correct dose distribution reproducibly. For systems which possess a gantry, the downstream section of the BDS comprises of series of magnets to bend and transport the beam to isocentre with the required treatment parameters. The entire gantry rotates to deliver the beam from multiple entry angles. Consequently, the gantry (Figure 8) is a physically large and complex mechanical structure: this amounts to considerable costs associated with the weight, size, construction and operation. Most modern proton facilities have gantries in order to deliver PBS which achieves the highest quality of treatment.




Figure 8 | Gantry installations at HIT (106) and HIMAC, QST (104) for CIBT. PSI PBT Gantry 2 (Photo: Paul Scherrer Institute/Markus Fischer).



For heavier ions, costs are much higher as the gantry must accommodate particles with larger beam rigidities and added physical constraints introduce greater probability of errors (99). Currently there are only a few facilities which deliver carbon-ion beam therapy (CIBT) using a gantry: HIT, Heidelberg, Germany has a gantry which has a footprint of 6.5 m × 25 m (radius × length), weighing ~670 t (100–102) and HIMAC, QST, Japan has a SC gantry, 5.5 m × 13 m weighing ~300 t (103, 104). A second generation, compact SC gantry with a smaller 4 m × 5.1 m footprint was also developed with Toshiba (105). Heavy ion facilities which do not employ a gantry are limited to delivery with fixed beamlines.

The use of SC magnets can dramatically decrease the weight and size of the gantry as higher fields (necessary for >1.8 T) can be achieved with comparatively fewer and smaller magnets. However, the costs for the magnets themselves and the operation of cooling systems may not be economical (98).

These further challenges and costs associated with delivering heavier ions with a gantry hinder its practicality. As such, the question of the necessity of a gantry itself has now been raised: Flanz & Paganetti et al. (13) propose that the simplest way to reduce costs is to remove the gantry completely and in place have a fixed beamline. A PBT study by Yan et al. (107) indicates that for several disease sites (PBS head and neck cases), treatments could effectively be delivered gantry-less, requiring only a few fields with fixed geometries. There are other potential benefits to removing the gantry besides lower costs (maintenance, commissioning and also construction i.e. shielding) and the use of upright chairs is now being reconsidered. Seated positioning is typical for ocular treatments and for some specific disease sites; it was also historically the method used at pioneering facilities yet with less success than supine treatments (108). Now, with the advent of modern delivery techniques, superior dose distributions can be achieved with seated treatments and clinical advantages with better immobilisation have also been reported (109). The use of vertical CT enables imaging of patients with the same treatment position for treatment planning and positioning errors can also be corrected with geometrical adjustments of the chair (i.e. changing pitch) (14). This could be particularly effective for tumor sites which are difficult to treat due to motion and could also provide better patient comfort.

A study by Sheng et al. (110) report that rotational and translational positioning with a 6D treatment chair is comparable in alignment precision and reproducibility to a standard robotic treatment couch. Clinical tests of this chair were performed by Sun et al. (111) to verify treatment and workflow feasibility. As optimal plans are possible with only a few fields, it is suggested that beam selection is more significant to the achievable dose distribution than the available number of fields or angles. Additional imaging is also required to ensure correct patient positioning however results showed similar intrafractional deviation to treatments in a lying position. The increased physical demand of a seated treatment indicated the need for better immobilisation procedures; an interesting prospect is if motion or positioning differences could be further reduced. Nevertheless, overall patient comfort is an important consideration for upright treatments and Mazal et al. (109) list several cases where there could be advantages, such as increased ease with patient anesthesia or airway management. Furthermore, the increased availability of physical space with a fixed beamline also enables greater flexibility with the beam optics and delivery components. This could allow the BDS to produce a beam with a wider range of characteristics (field size, spot size, scanning capabilities etc.) as the optical design and inclusion of auxiliary devices can be reconsidered without the conditions imposed by the rotational and mechanical constraints of the gantry. Similarly, another significant benefit is the prospect of enhanced integration with imaging; improved conformity and registration between imaging modalities and the possibility of online imaging systems. This technology is currently being commercially developed and the option of upright treatments with a gantry-less system in clinical practice may soon be a possibility.


3.3.1 Energy Acceptance Range

The energy acceptance – or momentum acceptance – is a limiting factor in existing beamlines and gantries. A typical momentum acceptance range is ±1% (approximately ±2% energy acceptance), equating to changes of 5 mm in water equivalent depth; this is the usual spacing between each adjacent IES. This acceptance band is a technical limit corresponding to the maximum deviation from nominal beam momentum which can stably be transported by the optics. Any such momentum deviation produces a change in trajectory (via dispersion) and the configuration of the magnetic elements determines the particle beam dynamics and stable range.

Presently, the settings of all the BDS magnets must be changed synchronously for each IES, whilst considering AC losses and hysteresis effects, requiring several checks and settling time for field stability (98). This preserves the correct beam parameters at isocentre and ramping typically occurs in one direction to reduce complexities. SC magnets with high ramp rates also experience issues with eddy currents, but their use in the BDS for heavier ions appears necessary in order to minimize size and weight. Increasing the momentum acceptance range enables the BDS to transport various beams with the same fixed magnet settings and therefore minimal dependence on their field ramping capabilities.

Several designs for PBT have been proposed which use achromatic beam optics to suppress dispersion effects, reporting momentum acceptance ranges of ±3% by Gerbershagen et al. (112), ±15% by Nesteruk et al. (113) and ±25% by Wan et al. (114). For heavy ions, large acceptance can be achieved with new SC magnet designs (canted-cosine-theta combined function magnets) (14).

Another optical configuration which enables a large energy acceptance (LEA) is the FFA concept (Section 3.1.3). With non-scaling FFA optics, combined function dipole and quadrupole magnets can be arranged in repeated cells in an alternating gradient configuration, resulting in strong focusing in both planes with small dispersion. This is stable for a wide range of energies and enables beam traversal along the beamline at multiple physical positions within the same fixed magnetic fields. Due to the low dispersion, small aperture magnets can be constructed, minimizing size and construction costs. Multiple designs using FFA optics have been reported by Trbojevic et al. (115, 116) with a momentum acceptance range of approximately ±20–30% using SC magnets for both PBT and CIBT. Alternatively, novel Halbach type permanent magnets have been designed for a PBT gantry (Figure 9) with a footprint of ~2.2 m × 7m, accepting up to ±35% (117, 118).




Figure 9 | Orbit shape with varying energy (left) showing an energy acceptance range of 65–250 MeV. Orbit offsets within the permanent FFA gantry for PBT (right). Note the orbit offsets with energy are magnified for clarity in the right hand image and are around 15 mm, as shown on the left (117).



Alternative gantry designs to allow rapid beam delivery also include a novel method using high field SC magnets to produce a toroidal field capable of delivering beams from multiple directions in a fixed, steady state, ‘GaToroid’ gantry (119). This removes the mechanical and time constraints typically required to change angle and energy. However, there may be limitations with the number of delivery angles, field size and challenges in achieving positional accuracy. Furthermore, several aspects with the design, engineering, field configuration, beam transport and optical modelling are still under development.

In general, increasing the energy acceptance of a BDS to enable a LEA suggests many benefits. Several aspects must be considered for future application of a LEA BDS in clinical facilities. The parameters of the magnets and the configuration of the optics design determine both the costs of the BDS and characteristics of the beam. This introduces a trade-off between the complexity and technical constraints imposed on the design and the achievable acceptance range: there must be an optimal range for which there will be maximal benefit. For example, Nesteruk et al. (113) describes that a ±30% energy acceptance band can provide ~70% of patient treatments at PSI without the energy modulation requiring a setting change. The design and optimisation process will likely be driven by this requirement which will outline the cost benefit, particularly for the delivery of other particle types and heavier ions.

This also raises the question of the appropriate source-to-axis distance and positioning of scanning magnets either upstream or downstream (17). What is clear is that in a novel BDS the parameters of the delivered beam must be clinically acceptable: energy spread (relates to range and beam penumbra), quality, size and shape (reproducible for every energy), position (spots must be positioned within precise margins) and also transmission (relates to particle rate for IES scans and current regulation with off-momentum particles). These properties must be consistent across the entire energy range and conform to performance and safety standards: rapid and accurate delivery cannot impinge on patient safety. Additional components (ripple filter, scattering foils etc.) may be necessary to moderate several beam characteristics upstream of the BDS (13, 120).

The build of any BDS must be as robust as existing commercial systems (mechanically and operationally) and accommodate all the necessary components (beam diagnostics, nozzle, ESS etc.). For integration, the BDS needs to consider modularity for possible retrofitting or replacement of parts. Fundamentally, one must expect a lighter or smaller physical structure, also a simpler system in terms of functionality, servicing and tuning; these improvements along with cheaper running costs will further assist to lower overall expense.

The adaptation of current control systems to manage a larger energy range is currently being explored. A recent study at PSI by Fattori et al. (121) demonstrates the clinical possibilities enabled by an increased momentum band to deliver PBS with real time tracking and enhanced rescanning capabilities. The prospect of energy meandering – ramping beamline magnets bidirectionally (up and down) – to further decrease the BDT is also presented. This combined with optimization of the energy sequencing and layering offers higher flexibility and uptime in terms of the duty cycle (93, 122).




3.4 Motion and Treatment Efficacy

The discussed benefits of decreased BDT have so far centered around the gain in delivery efficiency and therefore treatment efficiency or cost. Arguably however, the more compelling argument of a faster BDT is the potential of better treatment efficacy: treatment quality can be correlated to the efficiency of delivery (27). Future CPT facilities will need to be able to operate with shorter BDTs whilst ideally providing better quality treatments. As the BDT is dominated by the ELST, the accumulation of delays for each IES results in extended irradiation times; scanning sequences within 3–5 s or longer correspond with the respiration cycle and the effects of this motion are consequential for treatment (123).


3.4.1 Interplay Effects

For PBS in CPT, there is an inherent challenge of utilizing the BP due to uncertainties in the range and physiologic motion which compromise any dosimetric advantages. Heavy ions have regions of elevated LET and therefore greater sensitivity, this makes it more challenging to treat a wide range of indications, especially for moving tumors. The issue of motion during PBS delivery is twofold: both the target site and the beam deviate in position simultaneously, resulting in degraded dose distributions, ‘extitinterplay effects’. Effects differ as dependent on the accelerator type, BDS and dose delivery characteristics (124).

Interplay effects (Figure 10) cause regional dose in homogeneities due to under- and over-dosage, resulting in differences from the planned treatment distributions in each fraction. The clinical implications of interplay effects are well known (125–127) and require a variety of motion mitigation strategies; many are commonly used in practice and more are also being developed. It is frequently recommended that a shorter BDT can decrease the extent of or even prevent interplay effects, if the BDS is capable of delivering the dose sufficiently fast. The overall length of treatment is important: shorter irradiation times are ideal to reduce the amount of intrafractional motion yet to correct for interplay effects, more fractions are beneficial. It may seem like these are in conflict as each occur at the detriment of the other however, the key factor is again the BDT itself: high dosimetric quality has been demonstrated to be achievable even with higher delivery efficiency (27).




Figure 10 | Delivery of a single IES with target motion (phases of movement are indicated by the plot and shown in blue, orange and green). The initially determined scan path in the target volume is shown in red. The raster scanned spots are translated outside the target due to motion which results in progressive degradation of the dose distribution. Reproduced from (124) with permission from IOP.





3.4.2 Management & Mitigation

A shorter BDT is attainable by reducing the burden of long ELSTs: the longer the duration, the greater the need to minimize its impact. Work by Van De Water et al. (94) investigated the effect of a shorter BDT on plan quality by using a self-developed method with their treatment planning system to minimize number of layers required to deliver a treatment with robust optimization. It was shown that the BDT could be reduced by up to 40% for a range of different disease sites without compromising treatment quality. Other methods to decrease the BDT include: increasing the IES spacing (128), varying the size of spots (129), using a range of non-uniform sizes (13), changing the dose grid size or spotspacing (130), optimizing spot sequencing (131), scan path (132), or multiple criteria i.e. different weighted spots or resampling for selective placement of spots (27, 133).

Cao et al. (134) also present an energy layer optimization method which increased the delivery efficiency whilst maintaining dosimetric quality. Each of these has varying effects on dosimetric metrics such as homogeneity, conformity indices or equivalent uniform dose. However, some associated benefits are not quantifiable, such as patient comfort and further biological effects which may also contribute to better treatment outcomes. The purpose of any motion mitigation approach is to preserve conformity but simultaneously maintain treatment time duration (124). All of these corrective optimization tools are designed to work around existing limitations in technology and if a new, faster BDS and accelerator system were made available, would either become obsolete, or could be made even more powerful to the benefit of both treatment efficiency and efficacy.

There are also a range of common techniques which have been translated from XRT to CPT, including 4D planning and delivery (135–137); a comprehensive overview is presented by Bertholet et al. (138). A simple method is to implement safety margins in treatment planning, expanding the clinical target volume to a planning target volume to account for uncertainties and dose delivery errors (139). However, this has been demonstrated to be insufficient for complex intensity modulated PBT plans (140) and more robust methods are necessary to lessen adverse effects caused by the steep dose gradients and motion. Managing these is a highly complex task and a variety of motion mitigation strategies are applied by different facilities; these are summarized in detail in (141–143). Some specific approaches include: breath-hold (144), beam tracking (33), gating (145) which can also be combined with rescanning (31, 146). The use of physical equipment to shape the beam has also been re-examined using ridge filters (147, 148), 3D modulators (149) and other beam shaping (150) or modulating devices (151). Equivalent to passive scattering, the entire field can then be delivered almost instantaneously which thus negates the effects of interplay (1).



3.4.3 Rescanning

In addition to beam gating and tracking, rescanning – also termed repainting (152) – is a primary method used to mitigate intrafractional motion through repeated irradiation. Pencil beams are particularly sensitive to motion and as this movement is generally periodic, dose errors can be statistically averaged out by increasing the number of fractions (153). A minimum number of rescans must be performed for added benefit (154), particularly for mobile sites such as the liver and lungs (127). Notably, the effect itself depends on the patient and beam parameters such as the direction, scan speed and path: characteristics determined by the accelerator and BDS. Bert et al. (124) mention that by choosing favorable parameters, the severity of interplay effects can be lowered and quasi-eliminated if scan speeds are sufficiently quick. The significant concern with rescanning and other mitigation techniques is that they can extend treatment to unacceptable lengths of time. Even at facilities which offer fast dynamic energy modulation, the accumulation of BDT still surpass time limits defined by the respiration cycle. The potential benefit of a faster BDS is the higher rescanning ability: this is specifically dependent on capabilities of the BDS, primarily its efficiency and the applied methods of delivery (29).

Another issue with rescanning is if motion of the beam and patient are synchronized: this jeopardizes the averaging effect. This can be avoided by ensuring delivery across the entire respiration cycle (i.e. phase controlled rescanning or breath-sampled rescanning) or introducing variations in the scan path by delays or randomness (142). There are several different patterns by which rescanning is performed (Figure 11), most commonly it is done akin to typical delivery, by painting repeatedly across an IES before moving onto the next consecutive layer (layered rescanning). An alternative method is to move through the different layers first, returning to the same IES to paint subsequent distributions (volumetric rescanning).




Figure 11 | Possible example IES pattern sequences for layered and volumetric rescanning.



Volumetric rescanning (VR) is not employed clinically due to long ELSTs which make it impractical. Studies suggest several benefits as it enables additional scan paths and can alter the temporal correlation between beam and organ motion (141). Modifying the rescanning pattern to break the coherence of the beam structure with the periods of motion is an indicator of effectiveness; Bernatowicz et al. (155) demonstrated in a comparative study that outcomes may be less dependent on when the irradiation occurs during the respiratory phase, if VR is performed. The magnitude of the motion amplitude and duty cycle also impact the effectiveness, which can be machine specific (156); VR appears more sensitive to motion irregularity however this is likely due to extended ELST and treatment times (157). A study by Zenklusen et al. (152) suggests that combining VR with a fast delivery technique such as continuous line scanning can be an attractive method if it is possible to irradiate the entire volume within a single breath hold.





4 Emerging Applications

The field of CPT is evolving rapidly and the limitations of even state-of-the-art technology are becoming apparent; the possibility of volumetric rescanning and other advanced techniques require the BDS to be able to deliver efficiently with fast energy modulation. A recent review by Mazal et al. (109) outline several of these proposed CPT approaches to reduce associated uncertainties, complexities and cost. We specifically examine technological constraints and discuss BDS improvements as relevant for FLASH and arc therapy.


4.1 FLASH

The goal for treatment is to be able to irradiate the tumor sufficiently while sparing healthy tissue. This is represented by the therapeutic index (TI) and indicates the ratio between the probability of tumor control to normal tissue complication: improvements in delivery methodologies and treatment efficacy seek to increase the TI. There is always a trade-off with increasing the amount of dose delivered to the tumor, as normal tissue is simultaneously exposed to damaging radiation. Hyperfractionation and different approaches are commonly used in RT to vary the length of treatments to reduce toxicity and support the recovery of healthy tissue. Alternatively, some radioresistant tumors also respond well with hypofractionation. It is well established that the dose rate and irradiation time has an effect on cell response (158, 159) although it varies widely, dependent on biological parameters and the linear energy transfer (LET) related to the particle type (160). For certain conditions, a minimal dose rate effect has been observed; this has prompted a surge of recent research activity to reconsider applicable irradiation time scales for better therapeutic outcomes.

As such, the shift to ultra high ‘FLASH’ dose rates (≥40 Gy/s in ~100 ms) (161) has gained significant interest and may have the potential to revolutionise RT. The promise of FLASH therapy suggests an increased TI due to biological advantages by a reduction of normal tissue complications via the tissue sparing FLASH effect (162). Although the effect is dependent on spatio-temporal factors, the provision of FLASH RT may favor delivery with certain particle types based on technological compatibility and applicable physical parameters. However, the specific biological mechanisms are complex and still yet to be clearly identified (163–165). These drive the technical requirements necessary to induce the benefits and achieve clinical feasibility: the ‘beam parameter space’ determines the applicable radiation conditions such as the beam structure and particle type, yet much remains under investigation (166, 167).

The necessary accelerator and beam delivery developments required to deliver FLASH with clinical protons are detailed extensively by Jolly et al. (42). Alongside this is also the need for better instrumentation systems which can operate proficiently under FLASH conditions (168). A fundamental challenge is achieving the requisite FLASH beam parameters for PBS delivery with clinical accelerator systems, given safety restrictions (169). The generated beam intensity must be sufficiently high to realize the minimum effective FLASH dose rate and simultaneously, provide adequate coverage and conformity over the applicable fields. It has been easier to modify existing clinical LINACs to deliver FLASH with electron beams (170). For ion beams there are difficulties with reaching the required dose rates, which demand an increase in beam current by several orders of magnitude for rapid irradiation of a clinically relevant volume. A number of CPT facilities have been able to modify their accelerators (mostly isochronous cyclotrons and synchrocyclotrons) for FLASH with proton beams (171), and photon beams have been studied at large scale synchrotron research facilities (172). FLASH with different ions such as carbon and helium is also being examined (173–175).

For conventional synchrotrons, one of the challenges is to be able to store enough particles in the main ring to deliver the entire field, as the time required for a single re-injection and acceleration is typically considerably longer than 500 ms. Systems theoretically capable of injecting into the main ring at a suitable energy with a charge exceeding requirements do exist (78). However, developments in this direction are in opposition to the goal of footprint and cost reduction, as larger and more expensive equipment is generally necessary. When a large amount of particles is injected in the main ring at once, the interaction among the particles start to be less and less negligible. Although strategies exist to keep this space charge effect under control, the effect is accentuated in smaller radius synchrotrons.

A study by Zou et al. (176) assessed the limitations experienced with cyclotrons by analyzing the main machine parameters which influence delivery. The authors demonstrate that it is impossible to deliver FLASH dose rates fully across the planned 5 × 5 × 5 × cm3 SOBP region due to BDS dead times: magnet scanning speeds and significantly, the ELST. Nine IES scans were required and although applying a standard 1.5 s ELST was too slow, even the fastest clinical ELSTs of 50 ms and 80 ms, were also insufficient. High doses were achieved in the central beam spot axis but at the lateral edges, a significant portion fell below nominal levels. This spread of dose across the beam spot is a noted difficulty with delivering FLASH using PBS however the necessary instantaneous, mean or threshold dose over a region of interest, has not yet been quantitatively defined (177). The impact of deadtimes is also unclear, as PBS parameters (components in Section 2.2) determine the dose output and timing (178). Hybrid delivery schemes and 3D modulation devices have been suggested for reaching FLASH dose rates across the entire volume however higher beam intensities are needed to compensate particle losses.

Near instantaneous delivery should be targeted given the indicative 100 ms time frame necessary for the FLASH effect: this will also negate the effects of intrafractional motion. This rapid delivery of FLASH combined with image guidance is also being developed into a next generation, treatment modality: Pluridirectional High-energy Agile Scanning Electronic Radiotherapy (PHASER) (179). The platform consists of a novel high gradient LINAC structure, distributed RF network for 16 non-coplanar beamlines in place of a gantry, where the electron beam is steered onto the X-ray source and collimated into fine channels. This could enable the delivery of high intensity, modulated XRT beams from multiple angles with fast energy changes (300 ns) for FLASH.

Clinical FLASH trials have also commenced (180, 181) yet there is limited implementation due to many challenges: the technological requirements push the boundaries of and surpass current capabilities. Multiple experimental setups have been developed (182–185) investigating the applicability of these adaptations at clinical PBT facilities. Passive scattering systems with cyclotrons can deliver a SOBP with sufficient mean dose rates but face difficulties reaching larger fields given transmission losses. Improvements are needed for depth and lateral modulation: it is still unclear what optimal beam parameters (time structure, profile, range, uniformity, field size etc.) will be feasible in practice (167).

Furthermore, as ensuring precise beam delivery and positioning is difficult, transmission or ‘shoot-through’ FLASH (186) with protons is performed where exploitation of the BP may be considered redundant to maintain a high, effective mean dose rate whilst also resulting in the FLASH effect (184). Several transmission studies have been reported (177, 178, 187) as this method is achievable with current technologies. This bypasses the need for additional beam modification devices, minimizing range uncertainties and delivery requirements. However, increased tissue sparing, dose conformity and other clinical benefits require use of the BP alongside multiple fields of different energies (188). There may also be further radiobiological advantages but this and the FLASH induced responses specific to different radiation types are still being explored.



4.2 Arc Therapy

The endeavor to speed up treatment times has recently renewed interest in arc therapy which is already a mainstream modality in XRT (i.e. Volumetric Modulated Arc Therapy, VMAT). Radiation is delivered to the patient as the gantry rotates rather than with multiple fields of differently angled, fixed beams. It is possible to achieve higher quality XRT plans with VMAT and a significantly faster BDT than with multiple static beams (189). This concept applied to PBT is termed proton arc therapy (PAT) (190), combined with PBS, spot-scanning proton arc (SPArc) (191) and with other ions (helium and carbon), spot-scanning hadron arc (SHarc) therapy (192). This delivery technique is highly complex and a fundamental challenge again lies with the capacity of the BDS: it must deliver reliably and continuously along rotational arcs, with the ability to switch quickly between energy layers (193).

In PAT (Figure 12), a spot scanned beam is delivered in a continuous arc which effectively dilutes the impact of range uncertainties, achieving a conformal dose distribution with also a reduction in standard entrance dose (195). This allows greater flexibility in positioning high dose regions along the beam path and the potential for a much shorter BDT (15). Ding et al. (196) have shown that good conformity and the possibility of a lower integral dose could be achieved with SParc however, treatment plans must be optimized for robustness and efficiency (194, 197, 198). Significant savings in BDT were reported (191) with continuous arc delivery however this is not yet clinically possible with current technology, due to complexities with gantry rotation and long ELSTs.




Figure 12 | Dose distributions obtained from the delivery of mono-energetic PAT. Coronal view of 37 fields for a brain tumor treatment, applied by a couch rotation every 5° (left). Axial view of a tissue equivalent lung phantom using 35 fields, also 5° rotation (right). Reproduced from (194) with permission from IOP.



As an alternative, conventional (step-and-shoot) spot delivery was suggested with a moving couch for fixed beamlines as well as better timing synchronization. Carabe-Fernandez et al. (193) emphasized that although more investigation is needed, PAT has potential particularly for certain indications (brain tumors). Once again, in PAT the delivery efficiency is determined by the BDS and improvements are required such as better stability with beam current, positioning and fast energy switching. Single energy fields can reduce BDT such as in proton monoenergetic arc therapy (PMAT) (194), showing acceptable coverage and plan quality. However, partial arcs of varying energies have been proposed for better biological (LET) optimization with complex geometries (199). As the total BDT is a limiting factor (195), quicker ELSTs can shorten treatment times which will also lessen dosimetric constraints due to a dependence on single fields.

Additionally, the possibility of an increased dose in the target volume with PAT may not translate to a higher degree of conformity however could exploit radiobiological advantages further by increasing the TI (199, 200). As with multi-ion radiotherapy (MIRT), combining different particle types for an effective mix of low- and high-LET regions could generate a higher dosimetric quality plan by utilizing favorable characteristics. A planning study by Mein et al. (192) evaluates SHarc with different field configurations using proton, helium and carbon ion beams (Figure 13). The results demonstrate several possible clinical benefits such as a lower dose bath, minimization of high-LET components on critical structures and better tumor control with normal tissue toxicity reduction. The use of multiple beam energies offer further gain over single or two-field plans however there are clear, unresolved technical hurdles with the present BDS and gantry systems which prevent the actualization of this technique.




Figure 13 | Conformal distributions can be produced by applying opposed fields using different particle types, optimizing for physical dose (left) (201). Combining beams of multiple particle types can generate distinctly different dose distributions, by positioning a chosen particle branch (p or He) at the distal end of the field (202). Images distributed under CC BY 4.0, BY-NC-ND.






5 Discussion and Future Directions

It is contended that CPT will be a widely adopted modality once costs are comparable to XRT. Global prevalence is growing and new and exciting advancements are on the horizon: delivery methodologies, novel design concepts and greater biological advantages. The current landscape encourages exploration of future long- and intermediate-term approaches which will allow CPT to exceed the ceiling achieved by state-of-the-art XRT (15). Evidently, next generation technologies and facilities are needed to address present challenges in CPT.

Several innovative concepts of delivery have emerged which offer hope of full exploitation of the unique advantages offered by CPT. However, among the multitude of prospective improvements for beam delivery, there is a common underlying goal, to address challenges surrounding treatment time. This is complex as it encompasses more than the BDS and technology, as was examined in Section 2. A shorter BDT results in not only a shorter treatment time, but is also consequential in terms of costs and treatment quality. The constraint imposed by the long ELST is a distinct hurdle in minimizing the BDT: alleviating this would result in better treatment efficiency by reducing involved costs, increasing throughput, also improving treatment efficacy.

Gantries account for the largest expense of facilities and more compact systems have been designed for CPT however the general ambition has been mostly for size and cost reduction. Fundamentally, these hinge on the optical design and the parameters of the magnets, new possibilities are becoming feasible with SC technology however limitations and issues with ramping speeds still persist. Nevertheless, an alternative approach is to improve the beam transport capabilities of the BDS and redesign the optics to increase the overall momentum acceptance range; this has the potential to have a significant impact on treatment by eliminating the ELST dependency on technological bounds, thus shrinking the BDT. The feasibility of a LEA BDS as a solution to decrease the BDT is discussed in Section 3.3.1. The prospect of a LEA BDS raises several challenges but has the possibility of achieving higher quality treatments at lower incurred costs, however would need to be supplemented by further technological improvements throughout. Recent developments with accelerators and possibilities to further decrease the BDT are discussed in Section 3.1.

The ELST handicap on BDT is almost entirely dependent on technological limits: a myriad of different methods must be used in the clinic in order to provide effective treatments to circumvent existing capabilities. These add onto the delivery scheme and workflow; treatment planning optimization is required or the BDS must be adapted to directly change the beam energy using mechanical components. This includes various approaches outside of the BDS such as patient specific devices as well as different accelerator feedback and extraction schemes. A shorter BDT has a significant clinical benefit and the impact of motion and interplay effects must be mitigated using various strategies, described in Section 3.4. Many of the mentioned approaches could also effectively reduce BDT and improve conformity if implemented during the planning optimization process in general clinical practice (13).

A faster BDT and energy switching also drives developments toward a future BDS capable of delivering treatments for a wider range of indications, also with advanced techniques. Several emerging applications are anticipated in the near future which will require an improved BDS for successful delivery such as FLASH and arc therapy. Several other anticipated developments in CPT are not discussed in detail but are also mentioned for context. Faster irradiation times go hand in hand with the need to ensure that treatments are still delivered with the necessary requirements of safety and precision. The importance of robust planning is also arguably higher for CPT than XRT but more challenging due to the physical uncertainties, geometrical in homogeneities and inter- and intra-fractional motion. This is again significant when considering different particle types. CIBT is expanding in addition to MIRT possibilities using beams of helium, oxygen, lithium etc. (201, 203) which could further increase treatment efficacy. The combination of different ions offers a realm of new possibilities, by tailoring the desired LET and radiobiological attributes for different cancer sites. Optimization of these dose regions can offer more stable distributions and effective treatments (Figure 13), such as using lower-LET particles for the sharper dose fall-off and higher-LET beams for hypoxic or radioresistant tumors (204).

MIRT is still a developing modality and technical limitations are primarily due to difficulties with the ion sources and long switching times. Considerations are also necessary with the acceleration and beam transport, as it is more difficult to deliver beams of heavier ions given the associated beam dynamics, mechanical and physical requirements (205). The accelerator complex and BDS will need to be able to accommodate the range of different particle types; this may be selective based on characteristics such as mass and charge [i.e. mass-to-charge ratio ≤3 (206)]. For MIRT treatments, the beams are expected to be arranged such that the high dose regions fall appropriately within the target volume, hence this corresponds to different beam energies for each individual particle type.

The method of delivery must also be gauged, techniques such as minibeams and spatially fractionated RT are suggested (6). Moreover, as the ion switching and ELST restrictions currently cause long BDTs, MIRT treatments have firstly been studied in a single field arrangement (202) and opposed fields (63). The clinical flexibility and advantages are demonstrated however it is worth to note that technological possibilities may only allow sequential irradiation: this raises questions about throughput, quality assurance requirements, interplay effects, motion mitigation and fractionation schedules. The unknowns with the biological effects are also crucial, aside from the uncertainties with modelling and determination of treatment outcomes, the irradiation time structure and the division of the BDT between sources and fractions may introduce considerations with radiobiological chronicity (204).

Simultaneous delivery with mixed beams is complex however has been performed for online monitoring and range verification with helium and carbon (206, 207), exploiting the difference between BPs: carbon ions were used for treatment and helium for simultaneous imaging. Mixed fields are practically limited to synchrotron facilities as cyclotrons aren’t able to achieve the acceleration requirements for heavier ions at clinical treatment depths, also the presence of an ESS changes the particle energy and velocity ratio (208). Nonetheless, the strengths of MIRT and fundamentally CPT, can be achieved when limiting factors with delivery and motion are resolved; another important element with this is the need for precision imaging (209).

Online, volumetric imaging for (also adaptive) treatment planning, continuous patient monitoring, motion compensation and 4D treatment delivery is not yet readily clinically available for CPT; the value of these however have a higher potential for benefit in comparison with XRT (210). A promising avenue for this is with MRI guided PBT (MRPT), which has the capability of providing fast real-time imaging with superior soft-tissue contrast without the drawback of additional radiation exposure (211). This approach is also still being developed however there are several complex challenges with integrating MRI technology with a PBT system. The influence of the MRI magnetic field affects the trajectory of the proton beam, interfering with both the delivered dose distribution and resulting image quality. Corrections are required to compensate for the beam deflection and deviations in the treatment plan, dependent on the MR magnet field strength (212, 213). The associated technological concerns relate to beam delivery and decoupling the PBS beamline from the MRI magnet: this requires an entirely new BDS design which can accommodate the physical and geometrical aspects of both systems (214–216). The use of multi-modal approaches for enhanced imaging is also of interest and combining i.e. CT with MRPT has exhibited benefits (13, 217).



6 Concluding Remarks

The primary hurdle with CPT remains a question of cost, its availability and accessibility is still driven by the balance between cost and benefit: progressive improvements will contribute to decreasing the cost however future growth will depend on the extent of benefit (24). This is also influenced by various factors such as patient selection, clinical trials and scientific evidence. CPT still favors shorter treatments as it is difficult to immobilize patients for larger or complex lesions requiring extended treatment times (i.e. >30 mins). Increasing the range of accepted indications for treatment and capitalising on biological benefits (i.e. reducing fractions) supports the pursuit of reaching the same cost-effective levels as XRT (218, 219).

However, there are several challenges which impact the delivery efficiency and efficacy of treatments in CPT. We have reviewed the existing technical limitations related to the BDS and accelerator, identifying potential avenues for development in CPT. Focusing on the BDS, enhancements such as a LEA could reduce the limiting impact of the ELST on the BDT and shorten treatment times. This supports potential benefits such as cost reduction by expanding the utility of CPT and increasing the throughput of faster and higher quality treatments. Fast energy variation would also offer the capability of delivering advanced methodologies such as volumetric rescanning, FLASH and arc therapy. Improvements in beam delivery and related technologies enable the possibility of a future with cheaper, faster, precise and more effective CPT treatments.
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Footnotes

1Existing recommendations and requirements for technological improvements have been primarily focused on PBT, which precede developments for CPT with heavier ions due to greater clinical experience. We include many references to PBT for readers to explore these where relevant.

2The energy change is fixed to a single direction.

3In this scenario the re-injection times are also not improved from the typical operation mode.

4Another arguably more elegant method is the use of a rotator (55) which physically rotates a set of magnets to match the optics for different gantry angles, requiring no additional time for energy switching (apart from the magnetic field setting in the BTL).

5Although designs for cyclotrons dedicated to particle therapy with He or C exist (64, 65), no facility has so far been developed yet.

6An extreme example is LIPAc (78) which has already demonstrated the acceleration of 5 MeV, 125 mA deuteron beam which is ˜50 times more than the currents typically injected in synchrotrons for therapy.

7FFA is a method of designing accelerator optics and can be applied also to beamlines and gantries.

8Slow extraction may be possible, but has not been studied in detail.

9Simple additive estimation where N is the number of IES, BDT = (N)T1+(N-1)T2 +(N)T3.
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Purpose

In carbon ion radiotherapy (CIRT), a simultaneous integrated boost (SIB) approach has not been fully exploited so far. The feasibility of a CIRT-SIB strategy for head and neck adenoid cystic carcinoma (ACC) patients was investigated in order to improve treatment planning dose distributions.



Methods and Materials

CIRT plans of 10 ACC patients treated at the National Center for Oncological Hadrontherapy (CNAO, Pavia, Italy) with sequential boost (SEQ) irradiation and prescription doses of 41.0 Gy [relative biological effectiveness (RBE)]/10 fractions to low-risk (LR) clinical target volume (CTV) plus 24.6 Gy(RBE)/6 fractions to the high-risk (HR) CTV were re-planned with two SIB dose levels to the LR-CTV, namely, 48.0 Gy(RBE) and 54.4 Gy(RBE). While planning with SIB, the HR-CTV coverage had higher priority, with fixed organ-at-risk dose constraints among the SIB and SEQ plans. The homogeneity and conformity indexes were selected for CTV coverage comparison. The biologically effective dose (BED) was calculated to compare the different fractionation schemes.



Results

Comparable HR-CTV coverage was achieved with the treatment approaches, while superior conformality and homogeneity were obtained with the SIB technique in both CTVs. With the SEQ, SIB48.0, and SIB54.4, the LR-CTV median doses were respectively 50.3%, 11.9%, and 6.0% higher than the prescriptions. Significant reductions of the median and near-maximum BEDs were achieved with both SIB dose levels in the LR-CTV.



Conclusions

The SIB approach resulted in highly conformal dose distributions with the reduction of the unintended dose to the LR-CTV. A prescription dose range for the LR-CTV will be clinically defined to offer tailored personalized treatments, according to the clinical and imaging characteristics of the patients.
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Introduction

Simultaneous integrated boost (SIB)–intensity-modulated radiation therapy (IMRT) has been one of the major technical photon-based RT innovations in the last 20 years.

For head and neck (HN) squamous cell carcinomas (SCCs), moderately accelerated IMRT techniques using SIB, usually at 2.12–2.2 and 1.7–2 Gy per fraction to the high-risk clinical target volume (HR-CTV) and low-risk (LR) CTV, respectively, in 30–33 fractions, with or without systemic therapy, have been largely adopted in clinical practice and within several prospective clinical trials, with similar results in terms of toxicity and oncologic outcome (1), whereas hypofractionated chemoradiation schedule with more than 2.4 Gy per fraction requires more caution to avoid severe toxicity (2).

For other non-SCC histologic tumor types historically known to be radioresistant, such as adenoid cystic carcinomas (ACCs) or other salivary gland cancers (SGCs), low linear energy transfer (LET) RT has not shown adequate local control, especially in the radical setting. Treatment outcome has recently improved with photon IMRT at doses of at least 70 Gy, with acceptable local control in patients with unresectable SGCs, especially in comparison with 3D techniques, since IMRT allows to better optimize the dose delivery, while reducing doses to the organs at risk (OARs) when escalating the dose to the target (3). ACC remains a major challenge for radiation oncologists, since it requires very high total doses to increase the probability to be cured. Moreover, its horseshoe shape is often anatomically complex, embracing or intersecting radiosensitive structures and following neural pathways (4). In recent years, strong evidence has been produced to support treatment with high-LET carbon ion RT (CIRT) for unresected ACC or after uncomplete surgical resection (5–11). Pencil beam scanning (PBS)-CIRT has entered the clinical practice for the treatment of ACC with beneficial effects on the outcome, in light of specific physical properties (allowing highly conformal dose distributions) and superior relative biological effectiveness (RBE) by at least a 1.5- to 3-fold factor in comparison with photons (5–11). Furthermore, CIRT has been shown to be effective even in more complex radioresistant scenarios, such as reirradiation of inoperable ACC (12) or of radiation-induced SGC (13), highlighting the need of further efforts to offer tailored personalized treatments, including particle therapy, to improve survival in cases of peculiar radioresistant phenotypes (14).

Until now, at our Institution (National Center for Oncological Hadrontherapy, CNAO, Pavia, Italy) (15), the PBS-CIRT standard approach for the treatment of ACC has been a sequential strategy consisting of a first phase of nine to 10 fractions to the LR-CTV followed by a second phase of six to seven fractions to the HR-CTV, with a unique nominal dose per fraction, according to the protocol adopted in Japan since 1997 (16). Japanese data of ACC CIRT treatments have recently been reported in a multicenter retrospective series with excellent results in terms of tumor local control and normal tissue toxicity (8). PBS-CIRT is usually delivered with a limited number of beams, typically two to three, achieving both high dose conformation and normal tissue sparing. However, with fixed-beam irradiation (horizontal and vertical directions at CNAO, where no isocentric gantry is available), it is very difficult to significantly change the beam arrangement between the two sequential phases; therefore part of the LR-CTV receives unintended dose from the beam paths of the boost phase.

In this paper, we investigated a SIB approach in comparison with our standard protocol for ACC patients treated with sequential boost (here called SEQ), in order to improve the actual dose distribution of the two target volumes currently delivered sequentially. While doing this, some aspects need to be taken into account, starting from the radiobiological model adopted in the treatment planning system (TPS) for RBE-weighted dose (DRBE) calculation. In fact, it is undoubtable that in CIRT, the radiobiological model has a strong impact on the dose delivered to the patient (17, 18). For ACC, a local effect model (LEM)-based (DRBE|LEM) prescription of 68.8 Gy(RBE) in 16 fractions to the HR-CTV was initially adopted to mimic the reference modified microdosimetric kinetic model (mMKM)-based (DRBE|MKM) prescription of 64 Gy(RBE) (19) adopted from HN clinical trial experience with CIRT in Japan. From the beginning of 2017, a slightly lower DRBE|LEM prescription of 65.6 Gy(RBE) has been used for patients at risk of major toxicity at our center. Since the majority of failures in our series were within the HR-CTV region due to the underdosage of the HR-CTV possibly due to the dose constraints to the OARs, we have hypothesized here that the total dose to the LR-CTV was enough to control microscopic tumor spread. In the view of a future clinical trial to implement the treatment of ACC patients, we aimed here to in silico investigate the feasibility of a SIB strategy instead of the standard SEQ protocol, comparing SIB plans with the original SEQ versions, in terms of target coverage, dose homogeneity, and dose conformality, in the two RBE abovementioned frames currently in clinical use worldwide. To our best knowledge, this is the first study that evaluates a SIB strategy for HN ACC patients treated with CIRT.



Materials and Methods


Patient Data

A retrospective dataset of 10 HN ACC patients was used: five ACC with parotid gland tumors and five originating from the minor salivary glands of paranasal sinuses/lacrimal glands were selected for the present analysis. These patients were consecutively treated at CNAO in a curative intent between October 2019 and September 2020 with CIRT in 16 fractions, delivered over 4 weeks according to our current SEQ strategy. The main patient clinical and treatment data are reported in Table 1.


Table 1 | Clinical information of the adenoid cystic carcinoma patients.



HR-CTV was defined as the macroscopic gross tumor volume (GTV) with a margin of 3–5 mm, whereas the LR-CTV included a margin of 2–5 mm around the HR-CTV and the perineural or compartmental spread of the disease. The mean LR-CTV was 272.1 ± 141.6 cm3, while the mean HR-CTV was 112.0 ± 84.1 cm3. Ethical approval by the institutional review board was obtained for this study, and all patients gave their written consent (CNAO study number OSS-26-2021).



Sequential Boost Treatment Plans

Clinical delivered plans were optimized using RayStation-V8.1.2.5 TPS (RaySearch Laboratories AB, Stockholm, Sweden), with a prescribed dose of 4.1 Gy(RBE)|LEM/fraction. For the two sequential phases, beam arrangement and couch setup were selected depending on the target location. The first phase of the delivered treatment was planned with two beams for eight out of 10 patients and with three beams for the two other patients, while the SEQ (second phase) was planned with two beams for nine out of 10 patients and with one beam for the other patient (see Table 1). Our standard beam scanning parameters were used (20). Robust optimization (21) was performed using our standard settings: ± 3% range uncertainty, 2-mm isotropic isocenter shift. The LEM version I (22) was firstly used to calculate the DRBE|LEM with a α β ratio of 2 Gy. The prescribed dose of the first phase was 41.0 Gy(RBE) in 10 fractions to the median LR-CTV. A SEQ phase of 24.6 Gy(RBE)|LEM was then delivered in six more fractions to the median HR-CTV, reaching a total prescription DRBE|LEM of 65.6 Gy(RBE). In the plan optimization, the highest priority was sparing the brainstem and the optic pathways (at least the optic chiasm and the contra-lateral optic to preserve mono-lateral vision), with dose constraints derived from Dale et al. (23, 24). CTV coverage was thus increased as much as possible without exceeding the constraints of the OARs reported above. The main planning goals for volumes of interest are summarized in Table 2.


Table 2 | Main planning goals for volumes of interest.





Simultaneous Integrated Boost Treatment Plans

The delivered SEQ treatment plans were compared with two SIB fractionation schemes with different low dose levels: 54.4 Gy(RBE) (“SIB54.4”) and 48.0 Gy(RBE) (“SIB48.0”) to the median LR-CTV in 16 fractions and a high dose level of 65.6 Gy(RBE) to the HR-CTV. Thus, nominal dose per fraction to LR-CTV was 3.4 Gy (RBE) in SIB54.4 and 3.0 Gy(RBE) in SIB48.0. These prescription doses were investigated as they resulted in a nominal LR-CTV biologically effective dose (BED) comparable with the SEQ approach when using the different RBE models (see the section Treatment Plan Evaluation). The median LR-CTV was defined as the volume of the LR-CTV minus HR-CTV. The same beam arrangements and scanning parameters of the first phase of the SEQ plan were used, together with the same robustness settings. In the SIB plans, priority was given to the HR-CTV coverage to reproduce a dose–volume histogram (DVH) similar to the SEQ keeping fixed the same OAR dose constraints. A total of 20 SIB plans were optimized by the same experienced planner.



Modified Microdosimetric Kinetic Model Dose Translation

Being our clinical protocols derived from the CIRT protocols tested in clinical trials in Japan (17) and thus our approach ensued from the mMKM-based experience (19), all SEQ and SIB absorbed dose distributions were translated into mMKM doses using the V6.99 research RayStation version, previously commissioned for our beamline (19). A total of 40 plans were recalculated.



Treatment Plan Evaluation

The SEQ and SIB techniques were firstly compared in terms of DVH-based metrics. In particular, the near-minimum (D98%), the median (D50%), and the near-maximum (D2%) doses were chosen as dose-summarizing parameters (DSPs) for CTV coverage evaluation, as recommended by the International Commission on Radiation Units and Measurements (ICRU) 78 (25). The DSPs were normalized to the corresponding prescriptions. For mMKM doses, the nominal prescriptions were obtained through the relations calculated in Fossati et al. and Wang et al. (17, 26). The doses/fractions of 4.1, 3.4, and 3.0 Gy(RBE)|LEM corresponded to 3.5, 2.6, and 2.2 Gy(RBE)|mMKM, respectively. Dose evaluators for the LR-CTV were referred to the LR-CTV minus the HR-CTV.

The homogeneity index (HI) and conformity index (CI) of the CTVs were evaluated as recommended by the ICRU 93 (27) and were calculated for the whole treatment similarly to Orlandi et al. (28):

 

 

where TV is the total volume encompassed by the D98%.

Differences of the DSP were calculated as SIB minus SEQ plans:

 

Afterwards, we calculated the BED to compare the different fractionation schemes similarly to Kawashiro et al. (29):

 

where α and β are coefficients of the linear-quadratic model, n is the number of fractions, and d is the dose per fraction. For the SEQ approach, the total BED was the sum of the single-phase BEDs. We assumed a α/β ratio of 3 for ACC. The SEQ prescription of 41.0 Gy(RBE)|LEM in 10 fractions for the LR-CTV corresponded to a BED of 97.0 Gy(RBE), while the SIB levels of 48.0 and 54.4 Gy(RBE)|LEM in 16 fractions corresponded to a BED of 96.0 Gy(RBE) and 116.1 Gy(RBE). When translating to mMKM, the nominal BEDs of the first phase of the SEQ, SIB48.0, and SIB54.4 were respectively 75.8, 61.0, and 77.7Gy(RBE).

The equivalent dose in 2-Gy(RBE) fractions (EQD2) was also calculated as

 

Statistical significance of the dosimetric parameters was assessed with the non-parameter Wilcoxon signed-rank test, using MATLAB-based software (version R2018a, The MathWorks Inc., Natick, MA, USA). A significance level of 5% was chosen (p-value <0.05). In the post-hoc analysis, the significance level was corrected using the Bonferroni method based on the number of multiple tests conducted (n = 5 for the DSPs; n = 3 for the BEDs).




Results

Figure 1 shows the dose distributions of a representative case (P6) obtained with the SEQ and SIB approaches: the top panel corresponds to LEM doses and the bottom panel to mMKM doses.




Figure 1 | LEM and mMKM dose distributions calculated for patient P6. The top (bottom) panel corresponds to LEM (mMKM) doses: (A, D) SEQ approach. (B, E) SIB54.4. (C, F) SIB48.0. The HR-CTV and LR-CTV are delineated in purple and light blue, respectively. The isodoses were normalized to the HR-CTV prescriptions. LEM, local effect model; mMKM, modified microdosimetric kinetic model; SEQ, sequential boost; SIB, simultaneous integrated boost; HR-CTV, high-risk clinical target volume; LR-CTV, low-risk clinical target volume.



Figure 2 shows the DVHs of the HR-CTV and the LR-CTV of P6 achieved with the SEQ and SIB techniques.




Figure 2 | DVHs of the HR-CTV (purple line) and the LR-CTV (light blue line) of P6 achieved with the SEQ (solid line), the SIB54.4 (dotted line), and the SIB48.0 (dashed line) approaches. The top (bottom) panel corresponds to LEM (mMKM) doses. DVH, dose–volume histogram; HR-CTV, high-risk clinical target volume; LR-CTV, low-risk clinical target volume; SEQ, sequential boost; SIB, simultaneous integrated boost; LEM, local effect model; mMKM, modified microdosimetric kinetic model.



The mean values of the DSP are reported in Table 3, obtained with both the LEM and the mMKM for the different treatment approaches. The values were normalized to the corresponding prescriptions.


Table 3 | Mean values ( ± 1 standard deviation) of the target coverage achieved with the three treatment approaches, reported for both radiobiological calculation models.



All optimized plans concern the OAR dose constraints reported in Table 2.

After Bonferroni correction of five tests, comparable HR-CTV coverage was found between LEM-based SEQ and SIB plans (SIB48.0: p = 0.014 for both D98% and D2%; SIB54.4: p = 0.13 and p = 0.38 for D98% and D2%). On average, a very slight decrease of −1.8% was observed in the D98% with the SIB48.0, which was on average compliant with the optimization goal (D95% ≥ 95% and D2% ≤ 103% of the prescribed dose). HR-CTV dose inhomogeneity slightly increased with the SIB, while the HI values of the LR-CTV decreased significantly for both SIB dose levels. With the SEQ approach, 50% of the LR-CTV received on average a dose 50.3% higher than the prescription, while differences between LR-CTV median and prescribed doses were reduced to 11.9% and 6.0% for SIB48.0 and SIB54.4, respectively.

Dose inhomogeneity was slightly higher for ACC of paranasal sinuses/lacrimal glands than parotid glands cases due to the target location closer to critical structures. In particular, for ACC of paranasal sinuses/lacrimal glands, the average HI values of the HR(LR)-CTV were 0.06 ± 0.02 (0.68 ± 0.09), 0.07 ± 0.03 (0.30 ± 0.05), and 0.08 ± 0.02 (0.45 ± 0.03) for the SEQ, SIB54.4, and SIB48.0, respectively (see Supplementary Table S1).

The CI values of both CTVs were significantly reduced with the SIB, indicating a better conformality of this technique with respect to the SEQ.

As expected, DRBE became more inhomogeneous when translating into mMKM doses (19), with an increase of the HI in both CTVs for all treatment approaches (see Table 3). However, mMKM ΔDSP between the SIB and SEQ techniques decreased for HR-CTV, with respect to LEM, with comparable HR-CTV coverage for all optimization approaches. In particular, the p-values of the SIB48.0 and SIB54.4 were respectively 0.065 (0.87) and 0.39 (0.77) for D98% (D2%).

The mMKM dose distributions confirmed the superior conformality of the SIB technique in both CTVs. When considering the LR-CTV, the dose distributions of the SIB were also more homogeneous, with the best homogeneity and conformality obtained with the SIB54.4.

All the dose distributions of the paranasal sinuses/lacrimal glands group were slightly more inhomogeneous than the parotid gland group, as highlighted with the LEM. For these patients, the average HI values of the HR(LR)-CTV were 0.21 ± 0.07 (0.92 ± 0.10), 0.19 ± 0.05 (0.60 ± 0.07), and 0.20 ± 0.04 (0.87 ± 0.06) for the SEQ, SIB54.4, and SIB48.0, respectively (see Supplementary Table S2).

The mean values of the BED calculated with both RBE models are summarized in Table 4.


Table 4 | Mean values ( ± 1 standard deviation) of the biologically effective dose (BED) obtained with the three treatment approaches, reported for both radiobiological calculation models.



After Bonferroni correction of three tests, a significant decrease of the BED(D98%)|LEM was found with the SIB48.0 in the HR-CTV (p = 0.014), together with slight increase of the BED(D2%)|LEM (p = 0.01). When translated into mMKM doses, these values were comparable: p = 0.065 for BED(D98%)|mMKM and p = 0.92 for BED(D2%)|mMKM. When considering the LR-CTV, the BEDs calculated for the median doses were significantly lower for both SIB dose levels and RBE models with respect to the SEQ plans (p = 0.002).

With the LEM, the near-minimum BED(D98%)|LEM was comparable between the SEQ and SIB48.0 (p = 0.19), while a statistically significant increase was found for SIB54.4 plans (p = 0.002).

Opposite to the LEM, with the mMKM, a significant difference was found in the BED(D98%)|mMKM of the LR-CTV for the SIB48.0 (p = 0.002), while the BED(D98%)|mMKM of the SIB54.4 was comparable with the SEQ (p = 0.13).

Statistically significant decreases of the BED(D2%)|mMKM were observed for both SIB dose levels (p = 0.002), with a reduction of about 10 Gy(RBE).

The mean values of the EQD2 calculated for the three treatment approaches and both RBE models are reported in Supplementary Table S3.



Discussion

Our CIRT prescription doses were defined with the aim of reproducing the National Institute of Radiological Sciences (NIRS) clinical results, with long follow-up available that provides reassuring conclusions on long-term toxicity. The RBE model currently in clinical use at NIRS is the mMKM. At the time of this study, no commercial TPS provided clinical mMKM doses, and the European experience was primarily based on the LEM model. Therefore, using the same fractionation schemes of the NIRS, we corrected the LEM-based prescription doses for the RBE dependence as described in Fossati et al. for simple geometric configuration (17). The practically feasible way to deliver treatment plans as close as possible, from a clinical point of view, to NIRS practice was to minimize the physical dose differences between the two RBE models. Conversion factors ranging from 1.04 to 1.15 were initially adopted to translate DRBE|mMKM into the DRBE|LEM prescription dose levels that deliver the closest absorbed dose. Prudentially, no correction was applied to OAR constraints. Prescription dose conversion factors increase as the mMKM prescribed dose per fraction decreases. A new approach combining Monte Carlo simulations was then implemented for real patient data in order to further verify the consistency of our conversion factors (18). Our group has recently investigated the impact of RBE modelling on treatment outcomes of a series of 78 ACC patients treated between 2013 and 2016 with the SEQ approach (19). The study highlighted that the majority of the recurrences could be explained by inadequate HR-CTV coverage, mainly due to conservative dose constraints to the OARs. New constraints for the brainstem and optic pathways were then defined to improve target coverage and dose homogeneity in treatment planning, considering the uncertainties in dose biological modelling translation of Japanese protocols to LEM (23, 24). Until now, no increment in normal tissue complications has been observed in our treated patients with the adoption of new dose limits for OARs (30). In this study, with these new OAR constraints, we have evaluated for 10 ACC patients the dose distribution of a SIB treatment in comparison with the actual clinical scenario of SEQ volume, with the aim of improving the tumor dose conformation while reducing the unintended dose to the LR volume and related probability of complications.

In addition, the SIB technique is known to be a more practical and efficient treatment approach (31). A single optimization process is needed, thus facilitating the optimizer in the search for the optimal solution balancing target coverage and OAR sparing over the whole treatment. Moreover, the clinical workflow would benefit from the SIB strategy, e.g., in the patient-specific quality assurance process or in case of treatment adaptation.

Only Kawashiro et al. (29) investigated a SIB treatment using PBS-CIRT, although it is the more convenient procedure, to our best knowledge. In their in silico study, the authors evaluated a SIB strategy for pancreatic cancer to increase tumor dose while sparing OARs. Their analysis suggested the feasibility of dose escalation using the SIB satisfying the dose constraints for OARs, underlying that the SIB technique has the potential to deliver higher doses to the tumor, without substantially increasing the dose to OARs. Of course, their results should be confirmed in future patient clinical trials.

We investigated two different SIB prescriptions that resulted in a nominal LR-CTV BED comparable with the SEQ approach when using the different RBE models. As recently underlined in Molinelli et al. (32), in CIRT, a combined multimodel RBE-based optimization could play a key role in the enhancement of the therapeutic ratio for radioresistant tumors. In particular, the lower SIB dose level, i.e., DRBE|LEM prescription of 48.0 Gy(RBE), resulted in a nominal LR-CTV BED comparable with the LEM-based SEQ approach: BED(SIB48.0)|LEM = 96.0 Gy(RBE) vs. BED(SEQ)|LEM = 97.0 Gy(RBE). As the prescription dose conversion factors to correct for differences in the RBE model increase for lower doses per fraction (17, 18), we also examined a higher SIB dose level, i.e., 54.4 Gy(RBE), which maintains a similar mMKM-based LR-CTV nominal BED of the SEQ plan: BED(SIB54.4)|mMKM = 77.7 Gy(RBE) vs. BED(SEQ)|mMKM = 75.8 Gy(RBE).

The sample size of this work was small for practical reasons. However, most of the studies that compare dosimetric data in RT include between 10 and a few hundred patients, as reported by Chaikh et al. (33). Of course, a greater number of patients would be needed to strengthen our results. A limitation of the statistical analysis could be that a paired test was adopted, thus increasing the probability of finding statistical significance even when the actual difference is low in absolute values. However, as the Wilcoxon signed-rank test does not require a normal distribution and does not consider the size of the difference, it particularly fits for RT dosimetric comparison, since the data are “naturally” paired (33). Another limitation could be that using multiple summarizing parameters could inflate the false-positive rate. Therefore, the Bonferroni correction was computed to avoid inflating type 1 error probability (33).

In the plan optimization, with the SIB48.0, we obtained a slightly lower D98%|LEM of the HR-CTV even respecting the planning goals, probably due to the high dose gradient between the CTV prescription dose levels. A superior conformality was obtained with the SIB technique in both CTVs, together with an improved homogeneity and a significant reduction in the biological median and near-maximum doses to the LR-CTV. The SIB54.4 achieved the best homogeneity and conformality with both RBE models.

Plan robustness may be an issue in extremely modulated plans, especially in the paranasal sinuses. Our clinical protocol foresees periodic re-evaluation CT scans every other week or whenever deemed necessary according to patients’ status and daily imaging.

As expected, a higher BED to the 98% of the LR-CTV was obtained with the SIB54.4 when using the LEM, with an average value comparable with photon-based RT with a prescription dose of 60 Gy (34). On the other hand, this value turned out to be comparable with that of the SEQ approach when translating to mMKM. Predictably, with the SIB approach, the LR-CTV was more sensitive to the translation between LEM and mMKM (see Figure 2 and Table 4) as a result of the lower prescribed dose per fraction (e.g., higher conversion factors between the models).

The issue of the effective clinical dose to the LR volume and perineural spread for ACC tumors has been deeply investigated in photon-based RT (34). When considering both BED and EQD2 values of the SIB48.0 and SIB54.4, both dose levels would be equally acceptable when treating ACC tumors, depending on the prognostic factors.

In consideration of the near-minimum BED obtained with the mMKM and of the superior dose distributions achieved with the SIB54.4, we believe that for future clinical trials of CIRT in ACC patients, the 54.4 Gy(RBE)|LEM dose level could assure adequate tumor control in case of positive margin along the nerve, whereas the 48.0 Gy(RBE)|LEM dose level could have adequate efficacy in case of elective perineural irradiation or microscopic focal intratumor perineural invasion (PNI), maintaining a low toxicity profile.

Furthermore, concerning the fractionation scheme, adopting the SIB strategy instead of the sequential approach would allow to maintain a high dose/fraction (4.1 Gy(RBE)|LEM/fraction) for the more radioresistant GTV in the HR-CTV, lowering the fraction dose for the microscopic disease (3.0–3.4 Gy(RBE)|LEM/fraction) embedded within the normal OARs of the LR-CTV.

A limitation of this study is that a retrospective dataset was used and a greater number of patients would strengthen these results. Only five ACC of paranasal sinuses/lacrimal glands were selected where the HR-CTV is closer/adjacent to critical organs (e.g., brainstem and optic pathways). However, as the HR-CTV prescription dose was the same between the two treatment approaches, the OAR dose constraints of the SIB plans corresponded to the total SEQ approach and for this reason were not reported in this analysis.



Conclusion

In conclusion, this study investigated the SIB feasibility for CIRT in HN ACC for both the LEM and mMKM radiobiological models. The advantage of the SIB approach would be a better dose conformality with the reduction of the unintended dose to the LR-CTV in comparison with the standard strategy of SEQ. A prescription dose range for the LR-CTV will be clinically defined to offer tailored personalized treatments, according to the clinical and imaging characteristics of the patients.
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Background

We aimed at determining the safety and feasibility of spot-scanning carbon ion radiotherapy (CIRT) for patients with localized prostate cancer.



Methods

We enrolled 118 patients with localized prostate cancer who underwent treatment with spot-scanning CIRT at the Shanghai Proton and Heavy Ion Center (SPHIC) from January 2016 to December 2020. The dose was gradually increased from relative biological effectiveness (RBE)-weighted dose (DRBE) = 59.2–65.6 Gy in 16 fractions. The primary endpoint was the occurrence of acute and late toxicities, while the secondary endpoints were biochemical relapse-free survival (bRFS), distant metastasis-free survival (DMFS), prostate cancer-specific survival (PCSS), and overall survival (OS).



Results

The median follow-up time was 30.2 months (4.8–62.7 months). Acute grade 1 and 2 genitourinary (GU) toxicities were 15.3% and 18.6%, while acute grade 1 and 2 gastrointestinal (GI) toxicities were 2.5% and 0%, respectively. Late grade 1 and 2 GU toxicities were 4.2% and 1.7%, respectively. No late GI toxicity was observed. Moreover, there were no cases of severe acute or late toxicity (≥ grade 3). No significant association were observed between the factors and the acute GU toxicities, except for clinical target volume (CTV) (p = 0.031) on multivariate analysis. The 2-year bRFS, DMFS, PCSS, and OS were 100%, 100%, 100%, and 98.8%, respectively.



Conclusion

The 2-year outcomes were encouraging, providing additional and useful information on the feasibility and safety of spot-scanning CIRT for treating prostate cancer. Thus, we recommend long-term follow-up and prospective multicentered studies to reinforce the role of CIRT in the management of localized prostate cancer.
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Introduction

Radiotherapy is a radical treatment option for localized prostate cancer. Randomized studies have demonstrated that dose-escalated radiotherapy improves cancer control (1, 2). However, increasing the dose leads to concerns about the toxicities in organs at risks (OARs), such as the rectum and bladder. Thus, if the dose to the prostate can be increased without increasing the dose to the OARs, the treatment outcome and quality of life of patients will be improved.

Carbon ion radiotherapy (CIRT) can minimize radiation dose to OARs while increasing the biologically effective dose delivery to the prostate (3, 4). According to the data from the Particle Therapy Co-operative Group (https://www.ptcog.ch/) on June 2021, approximately 40,000 patients have been treated with CIRT in 12 carbon ion centers worldwide. The higher relative biological effectiveness (RBE) and greater cytocidal effect of CIRT on cancer cells make it more beneficial over conventional radiotherapy (5). Additionally, carbon ion beams produce the Bragg peak through the release of enormous energy at the end of their range (6), maximizing the destructive energy delivered to the tumor site while minimizing unwanted damage to the surrounding normal tissues (7, 8). These properties make CIRT theoretically efficient in improving tumor control and reducing radiation-related toxicity.

The first CIRT clinical trial for prostate cancer was started in Chiba, Japan in 1995 (8). This phase I/II dose escalation study established the efficacy and safety of CIRT. The following studies in Japan further confirmed the effectiveness of the CIRT with 16-fraction regimens (4, 9). However, different models were used to predict the RBE at different institutes. Two major RBE models have been applied clinically in CIRT: the Japanese model [the original mixed beam model and the modified micro-dosimetric kinetic model (MKM)] and Helmholtzzentrum für Schwerionenforschung GmbH (GSI) model [local effect model (LEM)] (10, 11). Comparative studies showed that the LEM predicts a 5%–15% higher RBE in the spread-out Bragg peak of a carbon ion beam, relative to the MKM (12). Similarly, findings from previous studies revealed that the RBE-weighted doses using MKM for targets and OARs should be converted to LEM doses using conversion curves for prostate cancer treated with CIRT (13). This hampers the exchange of experience between different CIRT facilities by the use of disparate RBE models. Thus, assessing the dose needed when using LEM model to achieve results similar to those reported by Japanese facilities will be of great value.

In 2014, the Shanghai Proton and Heavy Ion Center (SPHIC) started the first prostate cancer CIRT treatment in China. Till January 2021, more than 300 patients with prostate cancer have undergone particle therapy at our institute, including patients with localized prostate cancer, oligo-metastatic prostate cancer, prostate cancer with pelvic lymph node metastasis, and postoperative prostate cancer. To establish the optimal dose for CIRT in LEM model, dose-escalated clinical trials of CIRT for patients with localized prostate cancer began in January 2016 at our center (NCT02739659 and NCT04724577). The purpose of this study was to assess the 2-year toxicity, biochemical relapse-free survival (bRFS), distant metastasis-free survival (DMFS), prostate cancer-specific survival (PCSS), and overall survival (OS) of the 118 patients treated with CIRT in 16 fractions.



Patients and Methods


Study Design and Patient Eligibility

We consecutively enrolled 118 patients with localized prostate cancer treated with 16 fractions CIRT at SPHIC between January 2016 and December 2020 through a retrospective design. Patients were included if they meet the following: (1) histological diagnosis of prostate adenocarcinoma, (2) cT1N0M0 to cT4N0M0 according to the 7th American Joint Committee on Cancer (AJCC) classification, (3) Karnofsky Performance Score ≥70, (4) without any previous surgery or radiotherapy for prostate cancer, and (5) the presence of written informed consent. We excluded patients who did not meet all of the aforementioned criteria.

The study was approved by the Institutional Review Board of SPHIC (Approval Number 180620EXP-02). Eligible patients gave their written informed consent for CIRT and for future anonymous use. All patients were treated by spot-scanning CIRT combined with or without hormone therapy in our institute. According to the National Comprehensive Cancer Network (NCCN) guidelines, patients with low-risk prostate cancer had no hormone therapy, while intermediate-risk patients received 4–6 months of hormone therapy, and high/very high-risk patients received hormone therapy for 2–3 years. The hormone therapy regimens were combined androgen blockade.



Carbon Ion Radiotherapy

Methods for preparing the bladder and rectum, immobilizing the patients, and setting clinical target volume (CTV) and planning target volume (PTV) have been described (14). Briefly, the CTV routinely included the prostate and seminal vesicle (seminal vesicle was excluded for low-risk patients), and pelvic lymph nodes were excluded from this study. Two opposite lateral beams were used for each fraction treatment. CIRT was given once a day, five fractions per week. The treatment position was adjusted before each fraction with orthogonal X-ray scans as image guide. Since May 2020, the daily in-room computed tomography (CT) was applied to guide the CIRT. The prescription was performed in terms of RBE-weighted dose (DRBE). RBE was calculated by the treatment planning system (Syngo), using the LEM model. The carbon ion was administered at a five-dose regimen of DRBE = 59.2/60.8/62.4/64/65.6 Gy in 16 fractions. OARs required for all the patients were the rectum and the bladder. The dose constraints of the rectum are as follow: Dmax (the max dose) <105% prescription dose (PD), V60 [volume receiving ≥ 60 Gy < 3 cc], V55 [volume receiving ≥ 55 Gy < 7 cc, and V50 [volume receiving ≥ 50 Gy] < 10 cc, which were referred from our previous dose conversion study (13, 14). The dose constraints on the bladder were Dmax <105% PD and V60 [volume receiving ≥ 60 Gy] < 10%, V55 [volume receiving ≥ 55 Gy] < 15%, and V30 [volume receiving ≥ 30 Gy] < 30%.



Follow-Up

To closely monitor the patients, the patients’ follow-up was performed every week during treatment, and every 3 months until 3 years after CIRT, then sixth monthly until further notice. A rise in prostate-specific antigen (PSA) by at least 2 ng/ml above the nadir (the Phoenix definition) is considered as biochemical failure (15). For each patient, baseline parameters for genitourinary (GU) and gastrointestinal (GI) functions were assessed and acute, and late toxicities were scored by a physician using Common Terminology Criteria for Adverse Events v.4.03 and Radiation Therapy Oncology Group (RTOG) Classification (16). Acute toxicities are defined as side effects occurring within 3 months after the start of CIRT. Toxicities that occurred 3 months after the start of CIRT were considered late toxicities.



Statistics

The bRFS, DMFS, PCSS, and OS were evaluated using the Kaplan–Meier method. The bRFS, DMFS, PCSS, and OS were calculated from the start date of CIRT. The chi-square test was used to examine the difference in acute GU toxicities between the low-dose [DRBE = 59.2–60.8 Gy] and high-dose [DRBE = 62.4–65.6 Gy] groups. Logistic and Cox regression identified univariate and multivariate associations between toxicities and clinical/dosimetric characteristics. A two-sided p < 0.05 was considered statistically significant. All the analyses were performed using SPSS software (version 22.0; IBM Corp.).




Results


Patients Characteristics

Table 1 shows the characteristics of the included patients. Their median age of the patients was 71 years old (range, 46–86 years). The median follow-up time was 30.2 months (4.8–62.7 months). According to the 7th AJCC classification, the number of patients with T1, T2, T3, and T4 was 5 (4.2%), 94 (79.7%), 17 (14.4%), and 2 (1.7%), respectively. The number of patients with Gleason score of 6, 7, and ≥8 was 32 (27.1%), 46 (39.0%), and 40 (33.9%), respectively. Before treatment, 45 patients had a PSA level <10 ng/ml, 42 had a PSA level ranging from 10 to 20 ng/ml, and 31 had a PSA level >20 ng/ml. According to the NCCN guideline, the number of patients at low-risk, intermediate-risk, and high/very-high risk patients was 9 (7.6%), 45 (38.1%), and 64 (54.2%), respectively. The number of patients irradiated with an RBE-weighted dose of 59.2, 60.8, 62.4, 64.0, and 65.6 Gy was 43 (36.4%), 10 (8.5%), 9 (7.6%), 25 (21.2%), and 31 (26.3%), respectively. All patients completed their spot-scanning CIRT.


Table 1 | Patients’ characteristics.





Acute Toxicities

All patients were included in the analysis of acute and late toxicities. The acute toxicities are summarized in Table 2. The incidences of grades 1 and 2 acute GU toxicities were 15.3% and 18.6%, respectively. Moreover, eight (15.1%) and five (9.4%) patients developed grade 1 and 2 acute GU toxicities in the low-dose group, respectively, while 10 (15.4%) and 17 (26.2%) patients developed grade 1 and 2 acute GU toxicities in the high-dose group, respectively. The incidence of grade 2 acute GU toxicities of the high-dose group was higher than the low-dose group, although not significantly (p = 0.059). There were no significant differences in the frequency of acute GU toxicities, including hematuria, urinary frequency, urgency, retention, and urinary tract pain between the two groups (Table 2). CTV volume, bladder V60, V61, V62, and V63 were associated with ≥ grade 1 acute GU toxicities on univariate analysis, but only CTV volume was associated with ≥ grade 1 acute GU toxicities on multivariate analysis (Table 3).


Table 2 | Acute toxicity between low-dose and high-dose groups.




Table 3 | Univariate and multivariate clinical and DVH associations with acute GU toxicities (≥ grade 1).



Three (2.5%) patients developed grade 1 acute GI toxicities: one patient in the low-dose group and two patients in the high-dose group (p = 0.683). There were no significant differences in the frequency of acute GI toxicities manifested by symptoms, such as hematochezia and diarrhea. No patients demonstrated grade 2 or worse acute GI toxicity.



Late Toxicities

Grade 1 late GU toxicities did not differ significantly between the low-dose group [2 (3.2%) of 62 patients] and the high-dose group [2 (3.6%) of 56 patients] (p = 0.158). Five patients developed grade 1 late GU toxicities; three patients presented with urinary frequency, and two patients presented with microscopic hematuria. Moreover, two patients developed grade 2 late GU toxicity (gross hematuria). No grade ≥3 late GU toxicity was observed across the groups. Furthermore, no patient suffered from late GI toxicity within the follow-up period (Table 4).


Table 4 | Late toxicities between the low- and high-dose groups.





Efficacy

The median follow-up time was 30.2 months (4.8–62.7 months). At the end of follow-up, five patients developed biochemical relapse, two patients received re-biopsy, but there was no evidence of tumor cells, and the PSA were stable without any treatment, such as hormone therapy. One patient received hormone therapy immediately after the diagnosis of PSA failure. Two patients who were classified as high- and very-high risk groups experienced bone metastases at 27.4 and 32.1 months after CIRT, respectively. A 72-year-old patient died at 20.6 months after CIRT due to cerebrovascular accident. No patient died of prostate cancer throughout the observation period. The 2-year bRFS, DMFS, PCSS, and OS was 100%, 100%, 100%, and 98.8%, respectively (Figure 1). The 2-year bRFS in low-, intermediate-, and high-/very-high risk groups was 100%, 100%, and 100%, respectively (p = 0.782) (Figure 2).




Figure 1 | Outcome of 118 patients with prostate cancer treated with CIRT. (A) Biochemical relapse-free survival (bRFS); (B) distant metastasis free survival (DMFS); (C) prostate cancer-specific survival (PCSS); (D) overall survival (OS).






Figure 2 | Comparison of biochemical relapse free survival among patients with low-, intermediate-, and high-/very high-risk prostate cancer.






Discussion

The improvement in biochemical relapse-free and OS of patients with prostate cancer was found to be dose dependent (17, 18). Several studies have shown the great potential of CIRT in the management of prostate cancer (3, 4, 8, 9), most from Japanese institutes. However, the biological model used in Europe and our center (LEM model) were different from that used in the Japanese institutes (MKM model) (19). Previous studies reveal that the RBE-weighted doses at our center are too conservative compared with those in Japanese institutes (13). The clinical study also found that the 5-year local control (71%) of skull base chordoma treated with CIRT at Centro Nazionale di Adroterapia Oncologica was inferior to the results reported by Japanese centers (76%–92%) using the same prescription dose, and they found that 92% of the local recurrences were attributable to suboptimal target dose in regions close to the brainstem or optic pathways (12, 20, 21). These studies indicated that the prescription dose from Japanese experiences for prostate cancer could not be replicated. Until now, the optimal dose for CIRT with LEM model in localized prostate cancer is not clear yet.

The first dose escalation clinical trial of CIRT for prostate cancer occurred in Japan. The 5-year bRFS of the 57.6 Gy in a 16-fraction regimen was 88.5% (9). In a multi-institutional study, which collected and re-analyzed data from prospective clinical trials conducted in three institutions in Japan, the 5-year bRFS in low-risk, intermediate-risk, and high-risk patients was 92%, 89%, and 92%, respectively (4). At first, 63/66 Gy in 23/24 fractions was applied to treat patients with prostate cancer in our institute. The dose regimens were well tolerated and without any ≥ grade 2 late GI and GU toxicities. In this study, we retrospectively evaluated the safety and feasibility of CIRT for patients with localized prostate cancer. By this, 118 patients treated by CIRT in our institute achieved satisfactory short-term biochemical control without developing serious adverse events.

In this study, 118 patients were treated with DRBE = 59.2 Gy (n = 43), 60.8 Gy (n = 10), 62.4 Gy (n = 9), 64.0 Gy (n = 25), and 65.6 Gy (n = 31). Five patients developed biochemical relapse, all of which received 59.2Gy group. No patient in the ≥60.8 Gy groups developed biochemical relapse within the follow-up period. The comparative analysis for efficacy between low- and high-dose groups was not performed due to the relatively short follow-up time. The prescribed dose was DRBE = 57.6 Gy in 16 fractions in the National Institute of Radiobiological Science, Japan. Our previous study showed that 3.60 Gy per fraction for 16 fractions in MKM could be converted to 4.21 Gy per fraction for 16 fractions in LEM (13). Hence, further evaluation of the efficacy of the fixed dose at 65.6 Gy in 16 fractions regimen in LEM model system is highly recommended.

In terms of acute toxicity, according to results from the RTOG 0126 clinical trial (22), in 751 patients treated with 79.2 Gy photon therapy, the incidence of grade 1–3 acute GU toxicity was 19%, 16%, and 1%, respectively, and the incidence of grade 1–and 3 acute GI toxicity was 7%, 7%, and <1%, respectively. Moreover, 91 patients were treated with DRBE = 66 Gy in 20 fractions carbon ion or proton in the Ion Prostate Irradiation (IPI) study from Heidelberg Ion-Beam Therapy Center (HIT) (23), and the incidence of grade 1–3 acute GU toxicity was 34.1%, 17.6%, and 0%, respectively, and that of grade 1–3 acute GI toxicity was 60.4%, 7.7%, and 2.2%, respectively. In our study, patients in the high-dose group seem to experience higher rates of acute grade 2 GU toxicities than those in the low-dose group (26.2% vs. 9.4%). No ≥ grade 3 GU toxicity was observed in both groups. The incidence of acute GU toxicities in our study is consistent with that found in 79.2 Gy arms in the RTOG 0126 study but lower than that of the IPI study. The incidence of acute GI toxicity in our study is rare and significantly lower than that of the IPI study. A possible explanation for these differences may lie in that half of the patients received proton therapy in IPI, while daily in-room CT was applied to every patient with prostate cancer in our center since 2020. The association between the prognostic factors and the acute toxicities has been investigated in this study. We found that CTV volume was associated with acute GU toxicities. Previous studies also revealed that patients with large prostate volumes have a great risk of irritative/obstructive symptoms (particularly dysuria) in the acute radiotherapy phase (24). This may be due to the fact that a greater bladder volume was irradiated and lower urinary bother score before CIRT for patient with large prostate was observed. Therefore, for patients with large prostate in our center, neoadjuvant hormone therapy is often recommended to reduce prostate volume.

Late toxicities tend to be more problematic than acute toxicities in radiotherapy for prostate cancer. The incidence rates of late grade 2 and 3 GU toxicities after radiotherapy were 11% and 3%, respectively, in the RTOG 0126 trial (79.2Gy arm) (22). According to the results of a multi-institutional study from the Japan Carbon Ion Radiation Oncology Study Group (J-CROS), which analyzed 2,157 patients treated with CIRT, the incidence rates of late grade 2 and 3 GU toxicities were 4.2% and 0%, respectively (4). In this study, the incidence rates of late grade 2 and 3 GU toxicities were 1.7% and 0%, respectively. The incidence rates of late grade 2 and 3 GI toxicities were 16% and 5%, respectively, in the RTOG 0126 trial (79.2 Gy arm). The incidence rates of late grade 2 and 3 GU toxicities were 0.5% and 0%, respectively, in the J-CROS trial, which were more favorable than photon therapy. In our study, no patient suffered from GI toxicity within the follow-up period, probably due to the short follow-up time. Ishikawa’s study showed that 81% of late toxicities occurred within 2 years after CIRT. The median follow-up time of patients in the low- and high-dose groups was 49 and 17 months, respectively (25). Therefore, toxicities were evaluated for a sufficient period in the low-dose group but not in the high-dose group.

This study had several limitations. First, the results were retrospectively analyzed from a single institution. A phase II study with a fixed dose of DRBE = 65.5 Gy in 16 fractions is ongoing at our center. However, multicenter prospective studies are warranted to validate the safety and efficacy of carbon ion with the LEM model. Second, with 30.2 months follow-up, we could only assess acute and early late toxicities but not the long-term outcomes. Third, the sample size was small. Hence, the recruitment of more patients and a longer follow-up period are highly recommended.



Conclusions

In conclusion, the short-term results of spot-scanning carbon ion therapy for localized prostate cancer were encouraging. Our results provide additional and useful information on the feasibility and safety of CIRT with LEM model for patients with localized prostate cancer. Longer follow-up periods and multicenter prospective studies are warranted to confirm the biochemical control and survival benefit of this promising technique.
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Head and neck squamous cell carcinoma (HNSCC) is the sixth most common malignancy worldwide. Thirty percent of patients will experience locoregional recurrence for which median survival is less than 1 year. Factors contributing to treatment failure include inherent resistance to X-rays and chemotherapy, hypoxia, epithelial to mesenchymal transition, and immune suppression. The unique properties of 12C radiotherapy including enhanced cell killing, a decreased oxygen enhancement ratio, generation of complex DNA damage, and the potential to overcome immune suppression make its application well suited to the treatment of HNSCC. We examined the 12C radioresponse of five HNSCC cell lines, whose surviving fraction at 3.5 Gy ranged from average to resistant when compared with a larger panel of 38 cell lines to determine if 12C irradiation can overcome X-ray radioresistance and to identify biomarkers predictive of 12C radioresponse. Cells were irradiated with 12C using a SOBP with an average LET of 80 keV/μm (CNAO: Pavia, Italy). RBE values varied depending upon endpoint used. A 37 gene signature was able to place cells in their respective radiosensitivity cohort with an accuracy of 86%. Radioresistant cells were characterized by an enrichment of genes associated with radioresistance and survival mechanisms including but not limited to G2/M Checkpoint MTORC1, HIF1α, and PI3K/AKT/MTOR signaling. These data were used in conjunction with an in silico-based modeling approach to evaluate tumor control probability after 12C irradiation that compared clinically used treatment schedules with fixed RBE values vs. the RBEs determined for each cell line. Based on the above analysis, we present the framework of a strategy to utilize biological markers to predict which HNSCC patients would benefit the most from 12C radiotherapy. 
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Introduction

The potential therapeutic advantage of particle radiotherapy was recognized in the 1940s and was based upon the physical properties of the energy deposition patterns of said particles. Since that time, particle therapy has continuously developed predominantly based upon advances in engineering, imaging, and physics. The first dedicated clinical heavy ion therapy center was opened in 1994, and this facility focused on the use of accelerated carbon ions because of the physical and biological advantages over photons and protons including steeper lateral dose penumbra at greater depths in the body, a higher LET which results in a higher relative biological effectiveness (RBE) and took into account the experience gained at the Lawrence Berkeley Laboratory where the initial results for the use of heavy charged particles as a cancer therapy took place (1–4).

Since then, carbon ion radiotherapy (CIRT) has been used against intracranial cancers, head and neck cancers, primary and metastatic lung cancers, gastrointestinal tumors, sarcomas, prostate cancer, breast cancer, and pediatric cancers at what has grown to become 12 carbon centers across the globe, although none currently exist in the USA. CIRT has been shown to exert a strong antitumor effect in tumors resistant to conventional photon therapy; however, some tumor sites have been less amenable to therapy over concerns for the response of adjacent normal tissues. Whereas, the efficacy of CIRT has been shown for nonsquamous tumors like mucosal melanomas (5, 6), adenocarcinomas and sarcoma (7, 8), and adenoid cystic carcinomas (9, 10); in tumors that are considered radioresistant or chemoresistant, the use of CIRT for squamous cell carcinomas, the most common type of head and neck cancer, has been limited (11–13).

Given the technologic advances in recent years for proton and heavy ion radiotherapy, the potential benefit from the increased conformity of charged particles and higher LETs seen with 12C ions against head and neck squamous cell carcinoma (HNSCC) of the oral cavity, larynx, pharynx, and nasopharynx in a fashion that is beneficial for sparing organs at risk such as tissues of the oral cavity, the spinal cord, or bony structures like the mandible and vertebrae has been considered and acted upon. For example, the multi-institutional in silico trial designated ROCOCO describes the benefits of particle therapy and in particular CIRT, in a trial of reirradiation for recurrent HNSCC (14). In that study, comparing reductions in mean dose to organs at risk, particle therapy—using protons and carbon ions, both achieved reductions in complications with a dosimetric benefit for carbon ions over protons which they attributed to conformity, that is, dose to the normal tissue as suggested by other studies (15–17).

CIRT facilities have a highly limited capacity to treat the millions of individuals who are diagnosed with cancer each year, and even with new facilities coming online, it remains a limited medical resource where patients should be stratified in order to optimize the use and efficiency of CIRT. Tumors of the head and neck should be ideal for the use of CIRT because head and neck regions have functionally important anatomic sites amenable to dose conformality and the additional cell killing effects of high LET radiations, particularly for low LET-resistant (photon and proton) tumors. Furthermore, identification of patients as potentially radioresistant by omics or other analysis that requires tumor sampling, is less complicated in H&N cancers based upon ease of access to tumor tissue.

Intuitively, DNA repair-related biomarkers would be particularly useful for predicting radiotherapy and chemoradiotherapy outcomes for HNSCC. Ku80, a mediator of DSB repair, was established as the first candidate DNA repair biomarker to show potential predictive value for head and neck radiotherapy in a cohort of archival HNSCC specimens from irradiated patients (18). In this series, Ku80 was overexpressed in half of tumors, and its expression was independent of all clinical and genetic covariates examined. Ku80 overexpression was an independent predictor for both locoregional failure and mortality following radiotherapy (p < 0.01) conferring a 9-fold greater risk of mortality at 2 years. Furthermore, using a battery of HNSCC cell lines, tumor growth and metastatic potential were determined in an orthotopic model of oral tongue cancer, including how TP53 mutations influence tumor growth and metastasis (19) and how disruptive mutations in TP53 lead to treatment failure by inhibiting radiation-induced senescence (20). Besides the identification of Ku80 and TP53 as potential negative prognostic indicator in HNSCC, Eschrich et al., using the Radiosensitivity Index (RSI) in a retrospective study of HNSCC treated with radiochemotherapy identified a radiosensitive cohort of patients that saw improved locoregional control (21). However, as argued here, identifying tumors that are likely radioresistant would seem more appropriate for the selection of patients to be treated by CIRT.

Towards that goal of defining radioresistance for patient triage, 38 HNSCC cell lines were collected and interrogated for their γ-ray radioresponse via clonogenic survival. An approximately 4-fold range of radiosensitivity as measured by SF2 or SF3.5 was determined. At the molecular level, these 38 cell lines have been assayed for basal gene and miRNA expression as well as DNA methylation, and our future goal is to integrate gene expression, miRNA expression, and methylation patterns with cell survival to characterize radioresponse.

However, for this study, these 38 HNSCC cell lines were agnostically divided into 4 groups, radiosensitive, moderately radiosensitive, moderately radioresistant and radioresistant, based on SF3.5 values. A signature of 37 genes built from the basal gene expression of each cell line was then developed that could stratify these cell lines into their respective radiosensitivity cohorts with 86% accuracy. From these 38 cell lines, five were chosen to characterize the behavior of moderately radioresistant and radioresistant cell lines to 12C ion exposures to determine the radioresponse to 12C ions, calculate RBE values using different endpoints, and model tumor control probabilities for a series of dose and fraction combinations to expose the variability in tumor control probability when a fixed RBE is used as opposed to a personalized RBE within a radioresistant population of HNSCC tumor cell lines.



Methods


HNSCC Cell Culture

HNSCC cell lines were cultured in Dulbecco’s modified essential media (D-MEM) supplemented with 10% Fetal Plus brand fetal bovine serum (FBS, Atlas Biologicals, Fort Collins, CO, USA), penicillin/streptomycin solution (Sigma Aldrich, St. Louis, MO, USA). All cell lines were authenticated by genotyping and validated as negative for mycoplasma contamination by the Molecular Diagnostics Core Services at the Dana Farber Cancer Center, Boston, MA. All cell culture was conducted in incubators at 37°C in ambient 5% CO2. See Table 1 for additional information such as the anatomical site from which the cell line was derived and other information.


Table 1 | Characteristics of HNSCC cell lines.





HNSCC Tumor Gene Expression Microarray Dataset

An expression microarray dataset (GEO accession number GSE 67614) that was generated from 102 tumor samples collected from patients treated with a consistent protocol of surgery followed by radiotherapy based upon a prospective trial that evaluated pathologic risk features, total combined treatment duration, and postoperative radiation therapy (23) was used to evaluate the expression of genes and molecular pathways identified from the cell line gene expression data. The patient pool from which these tumors were isolated were 34% stage III and 54% stage IV, i.e., predominantly high risk, and were divided into cohorts representing those for whom their disease recurred locally/regionally (LR), had distant metastasis (DM), and who showed no evidence of disease (NED). HPV status was not determined directly; however, p16 positivity was seen in samples representing 11 patients and were split 6:5 in the recurrent setting vs. those designated as having no evidence of disease.



Photon Irradiations

Photon irradiation was conducted at the University of Texas Southwestern Medical Center using a J. L. Shepherd sealed horizontal 137Cs-sourced irradiator or at the MD Anderson Cancer Center using the “NASAtron” 137Cs irradiator. Dosimetry for these sealed source irradiators was validated on an annual basis. Briefly, for the J. L. Shepherd, irradiator cells in culture were placed on a 360° platform revolving at 13 RPM, irradiated, removed from the irradiator, and immediately returned to the incubator. For the NASAtron irradiations, the source was vertically above the stage and there was no sample rotation. Both devices had dose rates of ~3.25 Gy/min.



12C Ion Irradiations

All 12C irradiations took place at the Centro Nazionale di Adroterapia Oncologica (CNAO) facility in Pavia, Italy. Cells were irradiated in T12.5 cm flasks while immersed in a water bath at 37°C using CNAO’s clinical, therapeutic quality, pencil beam scanning 12C-ion beam. A spread-out Bragg peak (SOBP) was created to assure a homogenous ( ± 2.5%) physical dose. The beam quality has been previously characterized (24) and adheres to the recommendations of a NCI special panel on particle beam characterization (25). The dimensions of the SOBP were 17 cm in width, 7 cm in height, and 2 cm in depth. Cells were centered in the SOBP within a leucite holder with cells set back-to-back such that the depth of the cells in the upstream flask was 80 mm water equivalent depth (WED) while the position of cells in the downstream flask was 84 mm of WED. LETs at the positions where the cells were aligned were 74.1 and 89.3 keV/µm, respectively. (No difference in biological response was seen based upon position.) The entrance LET was 16.4 keV/µm at a depth of 0.15 mm. The physical dose rate was typically 0.60 Gy/min.



Irradiation of Cells With a Carbon Ion SOBP

To ensure a consistent SOBP, cells were suspended in a circulating water phantom maintained at 37°C in sealed T-12.5 flasks filled to the neck with complete cell culture medium containing 2% FBS for a roughly 5-min pre-exposure. This configuration provided a complete liquid/plastic interface with no ion deflection due to the presence of air. Immediately after irradiation, 2% FBS-containing media was aspirated and replaced with 5 ml of complete media containing 10% FBS for incubation.



Clonogenic Cell Survival Assays

Cells undergoing log phase growth at roughly 70%–80% maximum cell culture density were trypsinized and then seeded into T-12.5 flasks at low density in complete growth medium 8 h prior to irradiation. Five minutes prior to irradiation with either γ-rays or carbon ions, cell culture flasks were filled to the neck with complete growth media containing 2% FBS. Cells were irradiated with doses of 1, 2, 4, 6, and 8 Gy of γ-rays, or 0.5, 1, 2, 4, and 6 Gy carbon ions. Following irradiation, growth medium containing 2% FBS was immediately aspirated and replaced with growth medium containing 10% FBS and dishes were allowed to incubate for ~10 population doublings based on cell-specific doubling times. The use of media with 2% FBS was simply to limit the overall volume of FBS that would be used if media containing 10% FBS was used to completely fill the T12.5 flasks for only a few minutes as was necessary at CNAO. (See above.) Using 2% FBs for such a limited time had no effect on cell growth or radioresponse.

Following incubation, cultures were rinsed with phosphate-buffered saline at a pH of 7.4 and fixed in a solution of 0.5% crystal violet and 10% methanol in water. After staining and drying, colonies were counted to determine the number of surviving cells following irradiation. Only colonies identified as having more than 50 cells per colony were scored as surviving, and the surviving fraction was determined by dividing the number of colonies by the product of the plating efficiency of the cell line multiplied by the number of cells seeded.



Survival Curve Fits

Survival curves were fitted based upon the Repairable Conditionally Repairable (RCR) Model as described in Equation 1 where d is the dose per fraction and a, b, and c are parameters determined using a curve fitting algorithm (26).

 

The γ-ray survival assays were performed at least twice for each cell line. If the coefficient of variation at 2 Gy was greater than 25%, they were repeated.



RBE Calculations

RBE values were calculated by comparing a radiosensitivity value from 137Cs exposures (reference) to that same radiosensitivity value determined from 12C exposures (test) as in Equation 2.

 

Radiosensitivity parameters included:


Dose at 10% Survival

The dose at SF10% was calculated using values generated with the RCR model as described in Equation 1.



parm

  was calculated using the parameters of the RCR model as shown in Equation 3 (26).





AUC

Here,   is calculated using a trapezoidal method of the area under the curve (AUC) of the survival curve assay. The trapezoidal method is similar to a Reimann sum with the exception that the area is approximated using trapezoids as opposed to rectangles.



Limiting slope, D0

The limiting slope, D0, represents the linear portion of the RCR fit located at the distal end of the survival curve. D0 was calculated by plotting the linear portion of the RCR line of best fit in MATLAB and using a linear to calculate the slope. The relationship between the slope of the linear portion and D0 is given in Equation 4.

 




Transcriptomic Analysis of HNSCC Cell Lines and Tissues


Labeling and Hybridization of Microarrays

The tumor data set was generated using Illumina Whole Genome HumanWG6 v2 arrays (GEO accession number GSE67614). The v3 Illumina Expression BeadChip was used to generate transcriptome profiles for the HNSCC cell lines. Each RNA sample with 0.5 µg of total RNA was amplified using the Illumina TotalPrep RNA amplification kit with biotin UTP (Enzo) labeling. The Illumina TotalPrep RNA amplification kit uses T7 oligo(dT) primer to generate single-stranded cDNA followed by a second-strand synthesis to generate double-stranded cDNA which is then column purified. In vitro transcription was done to synthesize biotin-labeled cRNA using T7 RNA polymerase. The cRNA was column purified and then checked for size and yield using the Bio-Rad Experion system. A total of 1.5 µg of cRNA was hybridized for each array using the standard Illumina protocols with streptavidin-Cy3 (Amersham, Amersham, UK) being used for detection. Slides were scanned on an Illumina Beadstation. Summarized expression values for each probe sets were generated using BeadStudio 3.1 (Illumina Inc., San Diego, CA, USA).



Preprocessing and Data Analysis for Gene Expression Profiling

The Illumina BeadChip expression data were background subtracted and quantile–quantile normalized across samples using the MBCB algorithm (27–29). Normalized gene expression values were used for all the subsequent analysis. The clustering analysis was performed by calculating Euclidean distances and clustered by average method using the hclust function from the R base package.




Classification of Radiosensitivity Groups in HNSCC Cell Lines Using Gene Expression Profiles

The gene expression values from 38 HNSCC cell lines were ranked by p-values generated from an F-test using the R limma package. The top-ranked genes corresponded to those that significantly changed in more than one of the radiosensitivity groups. Feature selection was performed by incrementally expanding the gene list from 4 to 500 from the top of the gene ranking. Classification models were built using a support vector machine (SVM) algorithm and the models were validated using a 10-fold repeated cross-validation.


Molecular Pathway Analysis

Functional pathway analysis was performed using the Gene Set Enrichment Analysis (GSEA 4.0.1) and Ingenuity Pathways Analysis (IPA) online software packages. Genes were ranked by p-values calculated from moderated t-test using the R limma package. The R limma analysis was performed to compare resistant cell lines vs. other cell lines or tumors where there was local recurrence (LR) vs. tumors where there was NED in patients treated with postoperative radiotherapy. A false-discovery rate (FDR) <0.4 was used as a cutoff for significantly enriched pathways and then interrogated against the GSEA Hallmark Pathways by Leading Edge Analysis for pathway enrichment using the metrics of p-value, FDR, and Normalized Enrichment Scores, whereas the IPA analysis focused on pathways were enriched based upon a Fisher’s test with a p-value of 0.05 used as a cutoff. Z-scores for these pathways were then calculated with negative scores representing downregulation and positive scores representing upregulation of a given pathway.




Tumor Control Probability

The calculation of tumor control probability (TCP) is adapted from Antonovic et al. (30) and is summarized in Equation 5 where Nvox is the number of voxels in an in silico tumor, Ni is the number of cells in voxel i, and Si,j (d,L,pO2) is the surviving fraction in voxel i at fraction j with dose d, oxygen partial pressure pO2, and LET L.

 

A spherical tumor with a radius of 0.6203 cm (total volume 1 cm3) was assumed to contain 108 cells distributed equally across the voxels in the in silico tumor simulation. The survival model utilized is the Repairable Conditionally Repairable (RCR) model which can account for changes in survival due to dose, LET, and partial oxygenation, as shown in Equation 6.

 

As only the effect of dose on survival was accounted for Equation 5 was simplified to Equation 7 and Equation 6 was simplified to Equation 1.

 

To take into account the effect of dose per fraction and the number of fractions on survival, Equation 1 was modified to Equation 8 where d is the dose per fraction and n is the number of fractions. In each simulation, the dose per fraction, d, is kept constant and the number of fractions, n, is varied to generate a TCP curve.

 




Results

A collection of 38 HNSCC cell lines was tested for radioresponse via clonogenic cell survival. Surviving fraction at 2 and 3.5 Gy (SF2, SF3.5, respectively) was determined based upon the fitted values for SF2 and SF3.5 from the survival curves. The cell lines were clustered into four groups based upon Euclidean distances using the SF3.5 values for each cell line as depicted in Figure 1. Those groups are described as sensitive (S), moderately sensitive (MS), moderately resistant (MR), and resistant (R). The cluster is accompanied by the cell line identity and the respective SF3.5 values. SF3.5 was chosen based upon the conclusions of Johansen et al. (31), who suggest SF3.5 as more representative of radiosensitivity where a larger dose per fraction might be used as in stereotactic ablative radiotherapy (SAbR) or CIRT.




Figure 1 | Dendrogram of cell lines clustered by their radiosensitivity at 3.5 Gy and agnostically grouped into 4 clusters based upon radiosensitivity.



To determine whether there were differences in gene expression underlying these radiosensitivity cohorts, an SVM model was trained using the most significantly changed genes. As depicted in Figure 2A, a 37-gene panel could place the cell lines within their respective radiosensitivity cohort with an accuracy of 86%. Figure 2B represents the SF3.5 for the cell lines directly above in Figure 2A and reflects the trend in cell line radioresponse from radioresistant on the left to radiosensitive on the right. Furthermore, if cell line segregation was adjusted to identify the three radioresistant lines from all others, only 13 genes were required (Figure 2C). Genes segregating the R cohort include those associated with radio/chemoresistance (GAGE12C, GAGE2E, SPINK1), metabolic processes (PNLIPRP3), proliferation migration, invasion and metastasis (PARM1, CDH12, CYYR1, GAGE12C), and inhibition of apoptosis (SPINK1).




Figure 2 | (A) Heat map of gene expression using a 37-gene signature that segregates cell lines by radiosensitivity cluster. (B) Bar chart of radiosensitivity (SF3.5) for each cell line. (C) Heat map of gene expression using a 13-gene signature that segregates radioresistant cells from all other cell lines.



GSEA and IPA were used to examine differences in Hallmark Pathways (GSEA) and canonical pathway signaling (IPA). As shown in Figure 3, when the R cohort was compared with all others, cholesterol metabolism, G2M checkpoint, PI3K/AKT/MTOR, and MTORC1 pathways were enriched with Normalized Enrichment Scores being 1.5988, 1.7422, 1.258, and 1.363, respectively. IPA pathway analysis identified HIF1a and ERK/MAPK pathways as upregulated along with a number of other pathways that were up- or downregulated based upon Z-scores.




Figure 3 | Identification of key signaling pathways that segregate radioresistant cells from others and comparison with key signaling pathways identified in HNSCC tumors treated by PORT and classified by their treatment response: no evidence of disease (NED) and local recurrence (LR).



These same pathways were then interrogated in a gene expression dataset derived from 102 flash-frozen HNSCC tumor specimens from patients treated by postoperative radiotherapy (PORT) using a consistent treatment protocol (23, 32, 33). The gene expression data from 49 patients characterized as having NED and 35 patients characterized as having had LR were used. As shown in Figure 3, the GSEA Hallmark Pathway cholesterol metabolism, G2M checkpoint, PI3K/AKT/MTOR, and MTORC1 were also enriched in the LR group when compared with those designated NED. Not surprisingly, their Normalized Enrichment Scores were somewhat lower than that seen in the cell lines.

Next, we examined the 12C radioresponse of five HNSCC cell lines whose SF3.5 ranged from average to resistant when compared with the larger panel of 38 cell lines to determine if 12C irradiation can overcome radioresistance. Radiation survival curves were generated using 137Cs as a low LET radiation and 12C ions were generated by the Carbon Therapy Center in Pavia, Italy (CNAO). The cell lines SqCC/Y1 and UMSCC1 were chosen to represent the range of SF3.5 in the MR group with an emphasis on the high end of response; HN31 represents the highest SF3.5 in the MS cohort; and HN5 and SCC9 represent the R cohort. Survival curves for these cell lines are seen in Figure 4. The RBE for 12C ions was calculated at: 10% survival; by mean inactivation dose   using the parameters of the repair-conditionally repairable curve fitting algorithm (26);   using a Reimann sum approach; and the limiting slopes (D0) for each cell line. Those values are found in Table 2.




Figure 4 | Clonogenic cell survival for the 5 cell lines described in Table 2 when irradiated by either γ-rays or 12C at 400 Mev/u. The lower right panel shows all data combined.




Table 2 | Limiting slopes, mean inactivation doses, and RBEs using different methods of determination.



Using the survival data for both γ-rays and clinical 12C ions from the five HNSCC cell lines, TCP curves were generated based upon Antonovic etal. (30). The calculation of TCP differs slightly from the study of Antonovic et al. (30) in that the tumor model created was fully oxygenated and the LET is fixed. Fractionation schedules (IMRT, 12C) were based upon schedules used in recurrent H&N cancers treated at the Shanghai and Heidelberg Heavy Ion radiotherapy facilities (34, 35) where we chose an RBE value of 3, which is in line with that used clinically, as well as the RBE values determined for each cell line. These TCP curves are depicted in Figure 5.




Figure 5 | Tumor control probabilities for various treatment modalities across the panel of HNSCC cell lines assuming no hypoxia, tumors that are a volume of 1 cm and containing 108 tumor cells. Photon IMRT, SAbR, 12C using a fixed RBE to determine GyE, 12C using the RBE associated with the cell line used for tumor modeling.



Lastly, in Figure 6, TCP curves representative of each cell line using the physical dose (solid line) and the GyE dose (red dashed line) are plotted, which represent the expected TCP using a generic RBE of 3. The blue dashed line in each curve represents the physical dose necessary to accomplish the same TCP as the generic RBE of 3. The differences in physical dose would represent the “underdosing” of radioresistant tumors and are found in Table 3.




Figure 6 | Tumor control probabilities for each cell line after 12C ion radiotherapy: left line is physical dose; far right line represents TCP when a clinical dose equivalent (GyE) based upon a fixed RBE is used; and the intermediate dashed line is the physical dose necessary to achieve the same TCP as the far right curve. The interval between the two physical doses is the underdosing for each tumor. That value at a TCP of 70% is seen in Table 3.




Table 3 | Comparisons of GyE based upon use of a fixed RBE vs. the actual RBE for a given cell line and the dose differential for a tumor control probability of 70%.





Discussion

HNSCC is the sixth most prevalent cancer in the world, and despite many treatment options, local or regional recurrence is still as high as 30%–50% after surgery or surgery plus radiochemotherapy. The alternatives for recurrent HNSCC include surgery with or without adjuvant radiochemotherapy with survival rates of 40%–66% (36), but the rates of grade 3 or grade 4 toxicities can be as high as 40% (37–41) with only 1 in 3 patients surviving reirradiation without recurrence or severe complications (42).

The high total doses from prior radiotherapy limit the total dose acceptable for reirradiation based upon the toxicity to organs at risk. However, a retrospective analysis of patients treated at the Heidelberg Ion-beam Therapy Center (HIT) by reirradiation for recurrent HNSCC with CIRT developed little in the way of either acute or late severe (>Grade III) toxicity (35) using a median total dose of 51 GyE in 3 GyE fractions. The Shanghai Proton and Heavy Ion Center in a trial of recurrent HNSCC found similar results (34). Late toxicities (> Grade III) were seen in 7.1% of patients as compared to HIT where late toxicities occurred in 14.5% of patients. The primary tumor sites in these two series of patients were vastly different with Shanghai for instance having ~83% of cases represented by squamous carcinomas (nasopharyngeal cancer representative of 78% of all cases) while only 28% of the HIT cohort was squamous carcinoma. These differences in patient population likely drive the differences in toxicity profiles and compare well to reirradiation trials for head and neck cancers using proton therapy where late toxicities ranged from 7% to 8%, 20%, and 24.6%, respectively (43–45).

The comparable overall improvements in late normal tissue toxicities in H&N cancers treated with CIRT suggest the potential for overall improvements in outcome in primary and recurrent disease as well as the potential for dose escalation in tumors identified as radioresistant. Also, given the limitations of access, if patients with tumors that are radioresistant can be identified, the argument could be made to treat those patients where possible with 12C ions. Radioresistant HNSCC can be manifested via a number of mechanisms, the predominant mechanism being hypoxia, but resistance may also be through acquired mechanisms of enhanced DNA repair, abrogation of apoptosis or through the development of a tolerogenic immune environment. 12C ions—or for that matter other ions separately or in combination—should at least partially overcome these limitations.

Determining radioresistance in a clinically useful manner is not straightforward as there are currently no clinically useful biomarkers of radioresistance in HNSCC with the possible exception of HPV status. Because of the ease with which tumors can be biopsied in H&N cancers, an omics approach is feasible. To test this approach, 38 HNSCC tumor cell lines were tested for radiosensitivity via clonogenic survival. Basal gene expression analysis was then tested as a surrogate for clonogenic survival and found to be capable of segregating the most radioresistant cell lines from the other cell lines. Furthermore, the gene expression patterns in these radioresistant cell lines supported their classification as radioresistant. Besides identifying some of the more commonly identified genes and pathways associated with radioresistance, one of the more intriguing finds is the increased expression of the GAGE genes. These genes are not expressed in normal tissue with the exception of testes. In tumors, members of this family (GAGE1 and 2) are CD4+T cell antigens, attracting T cells into tumors. GAGE12 family members have been shown to increase both radio- and chemoresistance and metastasis (46–48). Other genes identified included SPINK1, an inhibitor of apoptosis that has been associated with chemoresistance (49, 50), and PARM1 which is an androgen-related gene that drives tumor proliferation (51, 52). Mechanistic analysis of any role for the genes in HNSCC radioresistance is warranted.

Assuming that one will be able to identify radioresistance so that patients could be triaged to receive 12C ion therapy is of little benefit if this cohort of patients is then not treated to full potency. That potency is based upon an understanding of the dose equivalence for a given situation—or individual. Unlike stochastic processes such as radiation-induced carcinogenesis which uses the Seivert (Sv) for dose equivalent, dose equivalent for 12C radiotherapy is described as GyEq, GyE, or GyRBE because there is no unit definition for dose equivalent in a deterministic setting. GyEq relies on the determination of the RBE for a given endpoint. The earliest determinations of RBE, still used today, were based upon cell survival in mostly rodent (CHO) cell lines and the human radioresistant salivary tumor cell line HSG, which was determined to be contaminated with HeLa cells (53, 54). The initial 12C scattered beam at NIRS was normalized to the dose-averaged LET at 80 KeV/µm using their clinical neutron RBE of 3.0 as they were equally effective (55). This along with their experience with neutron exposures led them to use this value in their NIRS treatment planning system across all tumor sites. However, it is likely that “clinical RBE” is not a fixed value and should be personalized where possible. Furthermore, RBE can be a poor descriptor of the radiobiology associated with charged particle therapy as there are many factors that determine a RBE value, and it suffers from the inability to make direct comparisons from one method of determination to another or treatment regime to another (26, 30, 56). Therefore, we determined the 12C RBE in a small cohort of moderate to radioresistant cell lines using multiple endpoints and then applied the survival and RBE values to model tumor control probability and asked whether individualization of RBE could be consequential when compared to a generic value.

Figure 5 depicts tumor control probability curves for the 5 tumor cell lines. Dose fractionation schemes include a standard 2 Gy/fraction scheme, a SAbR fractionation scheme of 8 Gy per fraction, and a 3 GyE per fraction approach (generic RBE of 3). As expected, TCP varied according to the radiosensitivity of the tumor with the most resistant tumors requiring greater overall total doses to achieve the modeled tumor cure. The TCP curves for the HN31, which is intermediate in radiosensitivity, is far to the left of the more radioresistant lines in the upper left panel (IMRT 2 Gy/fraction) and at 60–70 Gy total dose TCP is roughly between 30% and 90%. The remaining TCP curves for the more radioresistant cells falls well outside with total doses of 90–120 Gy required to achieve 50% control. Total doses for the TCP of a SAbR regimen are far less but also suffer from a lack of efficacy for very radioresistant tumors and would be expected to be constrained by an increased risk for normal tissue complications. The TCP curves for 12C, because this is GyE and uses a more conventional fraction size, is comparable with the conventional 2 Gy/fraction regimen. The SabR approach with 12C ions may be more effective for carbon ions but suffers the same complications as a conventional SAbR approach within the radioresistant subset.

In Figure 6, we attempted to determine the underdosing for a given tumor if a fixed RBE vs. an individually determined RBE was used. TCP curves include (a) the TCP using the generic RBE of 3 for each cell line from Figure 5; (b) the 12C physical dose associated with the TCP determined using the generic RBE; and (c) the physical dose if the TCP curve based upon an RBE of 3 were modified by the RBE determined for each cell line. That difference in the physical dose curves could be considered as an “underdosing” of 12C physical dose and it is consequential in that it reflects the need to understand the intrinsic radioresistance for a given tumor. Those values of “underdosing” at a TCP of 70% are given in Table 3.

In this manuscript, we have attempted to draw attention to the need for individualizing therapy based upon the intrinsic radioresponse of a tumor. Head and neck squamous cells were used because of the recent trials where HNSCC are being treated with 12C and because HNSCC outcomes have seen little improvement. At least for cell lines, gene expression was able to segregate radioresistant tumor cell lines from cell lines less resistant. One could argue that 38 cell lines do not bring enough diversity of radiosensitivity as the most radioresistant cell lines were few in number. Also, while there was overlap in the enrichment of specific pathways in common between cell lines and tumors that were treated with PORT, it is evident that much work is needed, irrespective of the gene expression analysis.

Using five cell lines whose radiosensitivity ranged from moderate to resistant across the 38 cell line panel, the potential impact of intrinsic radiosensitivity was tested by determining TCP curves using various radiation regimens for both γ-ray and 12C exposures. This exercise highlighted the potential for underdosing radioresistant tumors when generic rather than personalized RBEs were used, which would negate the impact of triaging patients with radioresistant tumors.

We understand that our TCP calculations reflect fully oxygenated tumors, did not reflect tumor response to varied LETs, etc., but our goal is more one of relative comparisons and not necessarily quantitative comparisons. What we require are data from actual tumors treated with curative intent using X-rays and 12C ions with different dose and fractionation schedules and a realistic understanding of the impact of tumor hypoxia to challenge and ultimately improve upon the biophysical modeling of CIRT with the intent to ultimately personalize therapy.
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Background

The present study aims to evaluate dosimetric and clinical risk factors for the development of maxillary osteoradionecrosis (ORN) in head and neck adenoid cystic carcinoma (ACC) patients treated with carbon ion radiotherapy (CIRT).



Methods

Clinical data and treatment plans of ACC patients, consecutively treated from January 2013 to September 2016 within the phase II clinical trial CNAO S9/2012/C, were retrospectively reviewed. ORN and other treatment-related toxicity were graded according to the Common Terminology Criteria for Adverse Events (CTACE), version 4.0. The maxillary bone was contoured on the planning CT, and only patients receiving more than 10% of the prescription dose at their maxilla were considered for the analysis (67 patients). The volumes of maxilla receiving doses from 10 Gy (RBE) to 60 Gy (RBE) (VD), with an increment of 10 Gy (RBE), and additional clinical factors were correlated to the incidence of ORN with univariate analysis (Chi-square test). The logistic regression model was subsequently applied for multivariate analysis. Treatment plans calculated with a local effect model (LEM)-based optimization were recalculated with the modified microdosimetric kinetic model (MKM), and compared with literature data from the Japanese experience.



Results

The median time interval from the start of CIRT to ORN appearance was 24 months (range, 8–54 months). Maxillary ORN was observed in 11 patients (16.4%). Grade 1 ORN was observed in 2 patients (18.1%), G2 in 4 (36.3%), G3 in 4 (36.3%) and G4 in 1 (9.3%). From univariate analysis, the site of the tumor, the presence of teeth within the PTV and acute mucositis correlated with the development of maxillary ORN. VD were significantly higher for all the dose levels tested in patients with maxillary ORN than patients without necrosis, according to both radiobiological models. The multivariate analysis showed that V60 significantly correlated with ORN risk.



Conclusion

The volume of maxilla irradiated with high dose values was relevant for ORN development in our cohort of ACC patients. These results are in line with previously published data obtained with a different radiobiological model. Our findings might be helpful to prevent the risk of ORN in patients receiving CIRT.





Keywords: ACC, maxillary osteonecrosis, carbon ion radiotherapy, risk factors, late toxicity



Introduction

Osteoradionecrosis (ORN) is described as a chronic wound that fails to heal with bone exposure. It is a treatment related complication primarily reported in the head and neck population treated with radiotherapy (RT) frequently associated with a substantial morbidity causing pain and infection. The pathophysiology of its occurrence is linked to the hypoxia, hypocellularity, and hypo vascularity that follow a RT course (1). There are several risk factors that have been reported to favor ORN in patients undergoing RT, for example alcohol and tobacco consumption, dental and periodontal status deterioration, trauma after dental extractions, oral implantology, insufficient body mass index, general comorbidities such as diabetes, and anti-inflammatory or anti-coagulant therapy (2). Treatment related factors that might be linked to ORN are technique of irradiation, dosimetric parameters, fractionation schedule, extension of irradiated volumes, and concomitant chemotherapy (3).

The incidence of ORN of the mandible when irradiating parotid tumors and also at the skull base when irradiating tumors localized at the nasopharynx, has decreased in recent years with the transition from 2 and 3D-RT to the modern intensity modulated-RT (IMRT), since the more localized deposition of the higher doses to the tumor target in respect to the surrounding normal tissues (4, 5). In this regard, carbon ion RT (CIRT) has shown its superiority in dosimetric studies in delivering tumoricidal dose while sparing the surrounding normal tissues, due to the sharp penumbra of the therapeutic beams. Furthermore, the radiobiological properties of CIRT that causes not repairable DNA damage not cell cycle specific nor oxygen dependent (6), have advocated its therapeutic use for radioresistant tumors, such as adenoid cystic carcinoma (ACC). The gold standard treatment for ACC is radical surgical resection followed by post-operative RT (7). In case of unresectable locally advanced tumors or with tumor macroscopic persistence after surgical resection or patient contraindication to surgery (8–10), or reirradiation (11), CIRT has been recently shown to have higher efficacy compared to conventional photon RT (12).

While numerous clinical and physical factors have been reported to be associated with ORN development after photon RT, the risk factors for maxillary ORN after CIRT are still under investigation. Sasahara et al. (13) reported V50 as a good predictor of ORN in multivariate analysis in a series of 63 malignant radioresistant tumors (namely, 24 ACC) treated with CIRT at a prescribed dose of 57.6 Gy (RBE) in 16 fractions, with passive beam delivery. RBE-weighted dose calculation was based on the semi-empirical model by Kanai et al. (14), while the modified microdosimetric kinetic model (MKM) is currently used for pencil beam scanning in Japan (15). The two models have been validated for consistency, and only the latter will be adopted here for comparison against available literature data.

The aim of the present study was to identify dosimetric and non-dosimetric risk factors correlated to ORN development for head and neck ACC patients treated at CNAO (National Center for Oncological Hadrontherapy, Pavia, Italy) with CIRT delivered with curative intent. At CNAO the local effect model (LEM—version I) is employed for RBE calculation as in other European CIRT centers (16), with treatment protocols derived from the Japanese experience (17), after mice and cell experiments to assure comparable radiobiological efficacy of the CNAO carbon ion beam to the reference CIRT beam of the NIRS Hadrontherapy Center in Japan (18). The impact of RBE conversion from MKM to LEM on prescription doses and organ at risk (OAR) constraints was extensively reported for different CIRT cancer indications, including ACC (19). Only MKM model-based analysis on ORN has been reported so far for patients with head and neck tumors (13), while here we directly investigate risk factors for ORN development when irradiating head and neck patients with CIRT by using the LEM model. The findings from the present study might be helpful to prevent ORN risk at the maxilla in patients receiving CIRT in facilities where the LEM is used for treatment of patients in 16 fractions, directly estimating the dose that might be delivered without causing ORN, and thus avoiding the deterioration of quality of life reported for example when ORN evolves into oronasal fistula (20). Furthermore, in our study the identification of other clinical and treatment related risk factors predisposing to ORN might be helpful to assess ORN risk in the head and neck population undergoing CIRT and plan adequate follow up schedule with possible preventive measures.



Material and Methods


Study Protocol Design

The present study is a retrospective, observational study, a subanalysis of the prospective phase II clinical trial ongoing from January 2013 to September 2016 at CNAO (CNAO S9/2012/C) to assess safety and feasibility of CIRT with radical intent for ACC patients with partially resected tumors (R1/R2 margins), or unresectable tumors, or unfit to surgery (21). CNAO’s Ethics Committee formally approved the present research protocol CNAO OSS/19/2020, and the patient consents for the research participation were properly collected and stored. The primary endpoint of the present study was to evaluate the dose of CIRT associated with the development of ORN at the maxillary bone in the ACC patients treated at CNAO with CIRT according to the LEM model. Secondary endpoints were the correlation of ORN in our series with the patient clinical and treatment characteristics to describe possible factors that might predict bone toxicity after CIRT.



Patient’s Baseline and Follow-Up Data

A total of 128 patients with head and neck ACC consecutively treated with CIRT along with their diagnostic imaging and treatment plan data were screened for selection in the present study. Only the patients with at least more than 10% of the total prescription dose of 68.8 Gy (RBE) to their maxilla were selected for the analysis as detailed in Sasahara et al. (13). On the other side, patients with tumor invading the maxillary bone before CIRT, or with maxillary recurrence after CIRT, were excluded to avoid confounding factors for ORN assessment. At the end, 67 patients, 35 women (52.2%) and 32 men (47.8%) were considered for the analysis. The mean age of the studied population at the beginning of the CIRT course was of 55 years. Patients clinical and tumor characteristics (namely, anamnestic data that have been reported to impact on ORN except for osteoporosis), and data related to previous surgery and CIRT toxicity, were collected and detailed in Table 1. Most of the tumors were in the sinonasal area (35.8%). The other sites involved were the parotid glands (20.9%), the pharynx (17.9%), the submandibular glands (13.4%), the oral cavity (9%), and the external auditory channel (3%). Tumors were all re-staged following the 8th edition of TNM staging system (AJCC/UICC). Prior to therapy, the patients were adequately informed about the possible risks of maxillary ORN as a side effect after irradiation. As of institutional practice, a complete dental examination and a dental–periodontal prophylaxis were requested. If indicated, atraumatic extraction of dental elements with a poor prognosis was performed at least 10 days prior to treatment. For each patient, a dental health certificate stating the good dental health was mandatory to start CIRT. No patient underwent bisphosphonates or concomitant systemic treatment during CIRT or adjuvant chemotherapy after CIRT. After CIRT patients were regularly followed up every 3 months for at least 2 years, then every 6 months since the fifth year, with magnetic resonance imaging (MRI) examination and fibroscopic local examination, with a staging total body Computed Tomography (CT) once per year. The diagnosis of maxillary ORN relied on the clinical symptoms reported by each patient, the oral-maxillo-facial physical examination, and the imaging scan acquired during the follow up reviewed by a senior radiologist. In case of maxillary ORN a maxillo-facial CT scan was also performed along with the follow up MRI to further study the affected bone. Acute and late toxicities were collected at each follow up clinical visit and scored according to the Common Terminological Criteria for Adverse Events (CTCAE), version 4 (22), including bone toxicity.


Table 1 | Patients clinical and tumor characteristics.





Carbon Ion RT Treatment Planning and Dose-Volume Histogram Analysis

A set of 2 mm thickness CT scan was acquired for treatment planning. Patients were immobilized with a personalized thermoplastic head–neck–shoulder mask equipped with bite-blocks and fixation points to the couch as previously reported (23). After the simulation CT, a MRI was acquired in the same setup condition. The gross tumor volume (GTV) was first outlined based on the morphological analysis of the planning CT after registration with MRI, namely, the primary tumor lesion or the surgical tumor bed, and the metastatic lymph nodes. The high-risk clinical target volume 1 (CTV1) was delineated by including the GTV and a minimum of 5 mm margin in all directions to cover the microscopic extent of the lesion. A larger CTV2 (including the CTV1) with the anatomical area at risk of perineural spread along the cranial nerves up to the skull base was also outlined. Irradiation to prophylactic lymph nodes was omitted. PTV1 and PTV2 were created, adding a 2 mm margin at each CTV. The total prescription dose was 68.8 Gy (RBE) in 16 fractions over 4 weeks (4.3 Gy (RBE)/fraction, 4 fractions/week). CTV2 was irradiated with a dose of 38.7 Gy (RBE) and the high-risk CTV1 was irradiated up to the total prescribed dose. Patients were treated with 2 to 4 fields with active pencil beam scanning technique. Treatment plans were optimized with Syngo PT (Siemens AG Healthcare, Erlangen, Germany) treatment planning system (TPS), and the LEM I model was used for RBE-weighted dose calculation with an ideal α/β ratio of 2 Gy. For this study, all treatment plans were recalculated with a research version of Raystation TPS (V6.99, Raysearch, Stockholm, Sweden), which provides both LEM I and MKM for RBE-weighted dose calculation.

The radiological morphology of the maxillary bone was first studied and then manually contoured on planning CT for each patient. The delineation of maxillary volumes included the alveolar process, the palatine process and the roots of the upper teeth in their own alveoli as previously reported (13). Pterygoid processes, sinus cavities and the crowns of the upper teeth were excluded. The mean maxillary volume in the patient series was 26.2 ml (range: 11.1–42 ml). The absolute maxillary volumes receiving doses D ranging from 10 to 60 Gy (RBE) were extracted from the dose volume histograms (DVHs) of the patients, and were expressed as VD doses (V10, V20, V30, V40, V50, and V60), for both LEM and MKM calculated plans. For each VD parameter of the LEM-based plans, the median value was calculated over the entire patient cohort, and patients dichotomized accordingly, to test the correlation with the incidence of ORN. Furthermore, the patient cohort was divided into two groups according to the appearance of ORN, and the average DVHs were calculated for both groups and radiobiological models (LEM and MKM). In the work by Sasahara et al., the absolute maxillary volume receiving 50 Gy (RBE) (V50MKM) was found significant for the onset of ORN. We therefore extracted the V50MKM for each patient, from the MKM-DVH, and calculated the corresponding LEM-based dose received by the same volume of maxilla in each delivered plan, to compare our treated population with literature dosimetric data (13). For each LEM-based patient treatment plan, the presence of teeth in the irradiated PTV was recorded for analysis.



Statistical Analysis

The Chi-square test was performed to investigate both clinical and dosimetric variables as predictors of ORN risk. For statistically significant variables only, the strength of association was estimated by Cramer’s V. The Kaplan–Meier method was adopted to evaluate the cumulative incidence of late post-radiation bone effects with respect to the only statistically significant variables in the univariate analysis. The difference that was observed between the cumulative incidence curves was compared with the Log-rank test. P-values <0.05 were considered statistically significant. The logistic regression model was subsequently applied to assess how the baseline risk of developing ORN varied according to the presence/absence of several given variables, namely, the VD in 10 Gy (RBE) increments (V10–V60) extracted from the LEM-based calculated plans, and statistically significant clinical factors. To increase the power of our logistic regression model, we then limited the variables in the analysis to the VD in 10 Gy (RBE) increments and the ORN incidence. If the estimated odds ratio was >1, the variable was assumed to be a risk factor because it increased the baseline risk. SPSS ver.19 software (IBM SPSS, IBM Corporation, Somers, NY) was used for statistics.




Results


Maxillary ORN and Risk Factors

The median follow-up time was of 50 months (range 8–82 months). ORN was observed in 11 patients (16.4%) with a median time to ORN development of 24 months (range 8–54 months). Grade 1 ORN was observed in 2 patients (18.1%), G2 in 4 (36.3%), G3 in 4 (36.3%), and G4 ORN in 1 patient (9.3%). In this latter case the patient had a microbial infection at the sphenoid bone not properly managed, and the necrosis expanded up to the right carotid channel approximately 10 months after CIRT. To avoid fatal bleeding due to carotid blow out, the patient had to perform carotid artery coiling. At the last follow up, the patient was alive without evidence of disease, and his necrosis stable. In 6 patients ORN started at the bone close to the teeth alveoli, and in one case followed the loss of one dental element. Majority of the cases had stable ORN at the last follow up (81.8%). In 2 cases with G3 ORN a surgical sequestrotomy was performed, while in one case the defect was repaired with a temporal muscle flap. Furthermore, 3 patients in the series took advantage of hyperbaric chamber treatment to stabilize the progression of their G2 necrosis after intermittent cycles of antibiotics for recurrent infections of the necrotic area.

On univariate analysis, the tumor site, and acute mucositis ≥G1 developed during CIRT were found to be statistically associated with maxillary ORN (Table 2). Majority of the patients with ORN had a tumor located in the sinonasal area (p-value 0.035). Among patients treated with CIRT who did not experience acute mucositis, none had maxillary ORN. Among those with acute mucositis, however, 22.4% also had a late effect of maxillary toxicity (p-value 0.028). Log-rank tests for these factors confirmed that the difference between the Kaplan–Meier curves was statistically significant. In fact, tumors located in the sinonasal area had a higher probability of developing ORN over time (p-value 0.053), as for patients experiencing acute mucositis during CIRT compared to the others (p-value 0.040).


Table 2 | Correlation of relevant patients clinical and tumor characteristics and ORN at univariate analysis.





Dose-Volume Risk Factors and Comparison With Published Data

In Table 3 are reported the median cut-off value for V10–V60 and the VD correlation with the ORN incidence in our series as extracted from the LEM-based patients treatment plans. On univariate analysis, all the VD were statistically associated with maxillary ORN (V10, V20, V30, V40, V50, V55, and V60) together with the presence of teeth in the irradiated PTV. The incidence of ORN always occurred in patients where the maxillary volume received dose higher than or equal to the median cut-off. Figure 1 shows an example of one of the patients in the series that experienced ORN along with the screenshot from its treatment plans (Figure 1). Log-rank tests for all the VD confirmed that the survival function from ORN decreases as the irradiated maxillary volume increases, both for low and high dose levels (data not shown). Among those patients who had no upper teeth within the PTV, none reported ORN. Among those who had maxillary teeth within the PTV, 36.7% suffered from maxillary ORN after CIRT (p-value <0.001).


Table 3 | Univariate analysis of dichotomized dosimetric factors from LEM-based calculated treatment plans to assess dose-volume relationship and risk of maxillary ORN.






Figure 1 | Treatment plans on the simulation CT of one of the patients of the series with ACC at the right nasal cavity with color wash of the most representative isodoses at the maxilla (contoured in blue), calculated with LEM (A) and MKM (B) radiobiological model, are shown. The irradiation geometry consisted of 2 beam ports with couch rotation of 165°C and 180°C. In (C) the DVH curves for the maxilla calculated with LEM and MKM are depicted. In (D) a T1-weighted axial image taken from the 2 years post-CIRT MRI of the same patient is depicted with typical imaging features of maxillary Grade 1 necrosis.



Considering all the VD, the tumor site, the presence of teeth within the PTV and acute mucositis, the logistic regression model identified only V60LEM as a significant variable in differential risk compared with baseline risk (Hazard Ratio = 1.431, p = <0.001, 95% CI 1,194–1,716). The risk of developing ORN increased by 43.1% if a maxillary volume ≥0.6 ml was covered with at least 60 Gy (RBE) dose. When limiting the variables in the regression analysis to the VD in 10 Gy (RBE) increments to increase the power of prediction, the V60 LEM was still identified as independent factor significantly associated to the ORN development in our series.

When the cohort of the patients was divided into two groups according to the appearance of ORN, the average maxillary dose received by patients with ORN was higher at all volume levels, in both RBE languages (Figure 2 for both LEM and MKM treatment plans). In Figure 3 we have shown the cumulative incidence of CIRT-related ORN over time in our series when ranking the patients according to the V60 LEM.




Figure 2 | Mean maxillary volumes at incremental dose levels from 10 to 60 Gy (RBE) calculated with the LEM model in patients with ORN (G1–G4, red solid line) vs patients without ORN (G0, green solid line). In black the maxilla DVH averaged for all the patients for the MKM model is also presented. Shaded bands and vertical error bars represent 2 SEM (Standard Error of the Mean) for the LEM and MKM model, respectively.






Figure 3 | Cumulative incidence of CIRT-related ORN over time for the patients irradiated with more than 60 Gy (RBE) at 0.6 ml of their maxilla (red line) or not (blue line) with data extracted form LEM-based treatment plans. No patients experienced ORN in case the dose to 0.6 ml of their maxilla was below 60 Gy (RBE).



Finally, as for comparison with previous literature dosimetric data acquired with the MKM radiobiological model (13), the LEM-based dose received by the V50MKM of each patient in our cohort averaged over the patient population, was 55 Gy (RBE) ± 2 SD.




Discussion

Bone necrosis is an important side effect, not only when irradiating with conventional photon RT, but also after CIRT. Here we analyzed for the first time the risk factors for ORN development in patients treated with LEM-based CIRT. Although we had a small sample of patients and of ORN events, we have still shown in our series the relevance of dosimetric parameters in predicting ORN risk after CIRT, with both the biological models mostly used in CIRT facilities worldwide for treatment planning, the LEM and MKM model. Tumor treatment, especially when curative, must not disregard ORN risk to preserve patient quality of life. However, sparing dose to the maxilla, should never be prioritized at the cost of target coverage.

With a similar study design, in Sasahara et al. the V50MKM was found to be a risk factor at multivariate analysis, along with the presence of teeth in the PTV, in a series with different radioresistant tumors including ACC treated with CIRT at a prescription dose of 57.6 Gy (RBE) (13). As pointed out in Musha et al., the adjustment for the RBE model is necessary in CIRT facilities outside Japan (24), when investigating for dosimetric factors predisposing to toxicity such as ORN. As part of our investigation, here we wanted to translate the V50MKM, significant factor for ORN reported for the Japanese series (13), into the corresponding VD extrapolated from our LEM optimized plans recalculated with the MKM Japanese radiobiological model. In our patient population, V50MKM corresponded to V55LEM. The statistical significance of 55 Gy (RBE) was not explicitly tested, but it is in good agreement with the dose value resulting significant at our multivariate analysis (V60LEM), considering all the uncertainties involved. As a limit, several sources of dose deviation need to be considered when comparing clinical outcomes from patient series treated with different techniques, such as the beam delivery, the different beam number per fraction and beam arrangements, physical and RBE-weighted dose calculation uncertainties, the small number of patients, and different clinical characteristics (19). Furthermore, the power of the multivariate analysis presented here is low because of the small number of ORN events. Indeed, we might consider this study as a pilot trial, and for the future we aim at increasing the number of patients to produce more solid data on the clinical and dosimetric factors predisposing to ORN.

The relevance of the high doses when irradiating with CIRT in comparison to photon RT was pointed out in Ikawa et al., where 76 patients with oral nonsquamous cell carcinoma treated with CIRT at mostly with 64 Gy (RBE) prescription dose in 16 fractions equivalent to 89.6 Gy (RBE) at a fractionation of 2 Gy (RBE) per fraction, experienced 11.8% G3 ORN requiring surgery (25). Furthermore, in Naganawa et al. reporting on CIRT in 19 patients with oral malignant mucosal melanoma treated with 57.6 Gy (RBE) prescription dose in 16 fractions, all Grade 2 and 3 ORN were derived from the alveolar bone in the high dose–irradiated volume. Despite this, the mean V50MKM of the maxilla or mandible was 12.5 ml (range, 0–23.4 ml) for patients with Grade 0–1, and 12.5 ml (range, 3.1–22.3 ml) for patients with Grade 2–3 ORN, respectively, with a difference not statistically significant (26).

The impact of lower doses after CIRT on the mandible ORN onset has been recently reported to be significant when irradiating tumors localized at the oral cavity and oropharynx, for the V30MKM–V45MKM at the mandible, and in case of V10MKM–V30MKM to the teeth (24). In our study, all the VD (V10 LEM–V60 LEM) tested at univariate analysis were statistically correlated with the occurrence of ORN. Maxillary ORN cases occurred in the subgroup of patients with VD larger than- or equal- to the median volume for that DVH as it has been reported also in Sasahara et al. although with a different biological model (13). This indicates that the risk of ORN in our analysis of LEM-based calculated treatment plans might be enhanced both for larger bone volumes exposed to a low dose bath (<50 Gy (RBE)), and for smaller bone volumes exposed to a high dose >55 Gy (RBE). This finding might be translated into the importance of maximizing the dose conformity at the tumor target while sparing sensitive organs for toxicity, such as the maxilla, minimizing the volume receiving high doses to the maxilla in the range V55LEM–V60LEM, and the dose bath at lower doses. In this regard, CIRT in general for its physical and biological peculiarities, and the spot scanning beam delivery technique, might represent an advantage as postulated in Ikawa et al. when treating radioresistant tumors that requires high doses (25). In our series, even if the latency time for the ORN onset was similar as in Sasahara et al. (13), ORN incidence was less probable, not only because of the shorter follow up time in our series (50 vs 79 months), but possibly for the active spot scanning technique (vs passive beam) routinely employed at CNAO for treatments.

Not surprisingly, in our study with ACC in different locations in the maxillofacial area, ORN was mainly found after CIRT at the sinonasal site. In this regard, in Koto et al., over the 458 patients with sinonasal malignancies treated with different CIRT prescription doses but more frequently with 64 Gy (RBE) in 16 fractions, maxillary ORN was the most frequent late toxicity together with visual impairment, with G3 ORN reported in 18 patients (4%) and grade 2 in 36 (8%) (27).

In our series, the presence of superior dental elements within the PTV correlated with the onset and development of maxillary ORN at univariate analysis. In Bhattacharyya et al. the number of teeth irradiated with more than 50 Gy (RBE) was a significant independent risk factor for the development of oronasal fistula, which is also a late complication of CIRT. In order to reduce the risk, the authors suggested minimizing the number of teeth at a maximum of 2 within the volume irradiated with more than 50 Gy (RBE) (20). These data, together with data with conventional photon RT on the impact of dental infection on ORN incidence (28), confirm the benefit of pre-CIRT prophylactic dental avulsion and oral hygiene control before CIRT and during follow up adopted in CIRT facilities around the world, and at our center. Acute mucositis developed during the CIRT course (also significantly correlated with ORN in our series) together with the high radiation dose to the maxilla alveolar bone portion, might lead to superficial and then deep periodontal disease, gingival recession with increase susceptibility to infection with progressive bone injury leading to ORN (24). The elimination of odontostomatological risk factors (traumatic, inflammatory, and infectious events) and not, before the start of CIRT and during follow up, is of considerable importance for the outcome of the treatments and the quality of life of the patients. Time management of teeth extractions should also be strictly observed both before and after CIRT, and dental extraction protocol should be based on the individual plan isodose maps in case is not avoidable. As previously reported, teeth extraction or surgical procedure whenever not amenable should be performed not earlier than 1 year after CIRT to avoid ORN progression to soft tissue and skin, and more serious sequelae with related deterioration of quality of life (29). According to the median time of onset of maxillary ORN in our analysis, it would be advisable to wait at least for 24 months after CIRT before any bone intervention. Conservative measures are recommended for early stage ORN, reserving surgery at later stages when no other medical options are available.

In our series, we investigated also pre-CIRT surgery as risk factor for ORN. According to Marunick et al., pre-RT surgical risk involves tissue trauma, reduced blood supply, cell death, collagen lysis, and greater metabolic challenge to repair. Surprisingly, here postoperative CIRT was not correlated with increased ORN risk differently from Marunick et al., where only the 4 patients included in the study who had jointly received both definitive tumor resection and neutron RT developed ORN at the residual maxillary orbital complex (30).

In summary, among all the toxicities of patients treated with CIRT in the head and neck area, ORN is one of the most serious and debilitating chronic post-treatment sequelae. Here, we have pointed out the V55LEM–V60LEM irradiated volumes as most important factor correlated with ORN. The limitations of our study include the small patient number and the short follow up. For the future, clinical trials with larger patients’ number and longer follow up are warranted. Based on our experience enriched by literature data, we might further summarize the recommendations for the optimal strategies to reduce ORN risk onset when irradiating tumors at the skull base, especially in facilities using the LEM-based CIRT: 1) to perform dental examination and prophylactic extraction procedures before CIRT if necessary, and close dentist follow up for all the 2-year period after CIRT more at risk of developing ORN, especially in case of patients with the maxilla covered for large volume by dose higher than 55 Gy (RBE); 2) to maximize the dose conformity to the maxilla by reducing volumes irradiated with dose higher than 55 Gy (RBE) and the dose bath below 50 Gy (RBE); 3) to avoid teeth in the PTV especially if the tumor does not involve the maxilla, and in case it is inevitable, to include not more than 2 teeth in the high dose PTV; 4) to prefer conservative measures and avoid surgical traumatic procedures after ORN onset. In case of unamenable necrosectomy after CIRT, our recommendation might be to remove the bone around the necrotic tissue by including at least the V55 LEM isodose and higher, in order to facilitate tissue post-surgical healing.
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The major aim of radiation therapy is to provide curative or palliative treatment to cancerous malignancies while minimizing damage to healthy tissues. Charged particle radiotherapy utilizing carbon ions or protons is uniquely suited for this task due to its ability to achieve highly conformal dose distributions around the tumor volume. For these treatment modalities, uncertainties in the localization of patient anatomy due to inter- and intra-fractional motion present a heightened risk of undesired dose delivery. A diverse range of mitigation strategies have been developed and clinically implemented in various disease sites to monitor and correct for patient motion, but much work remains. This review provides an overview of current clinical practices for inter and intra-fractional motion management in charged particle therapy, including motion control, current imaging and motion tracking modalities, as well as treatment planning and delivery techniques. We also cover progress to date on emerging technologies including particle-based radiography imaging, novel treatment delivery methods such as tumor tracking and FLASH, and artificial intelligence and discuss their potential impact towards improving or increasing the challenge of motion mitigation in charged particle therapy.
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Introduction

The use of charged particles for radiation therapy (RT) represents a valuable treatment paradigm because their unique dose deposition properties, including maximum dose deposition at the Bragg peak and rapid distal falloff, allow for dose to be conformed tightly around the tumor while sparing normal tissues (1–6). However, these advantageous properties present a challenge in the presence of motion, because the same steep dose gradients which provide the benefit of lower integral dose in surrounding tissues are vulnerable to even small displacements in the patient geometry. In addition, because their range is dependent on tissues along the beam path, charged particles traveling through heterogenous tissues (such as in lung cancer) also suffer from dose deviations due to motion-induced range uncertainties (7).

Proton therapy is by far the most widely implemented form of charged particle therapy, with forty-one proton centers operating in the US and ninety-nine centers operating worldwide (8). Initial proton therapy systems were based on passive scattering, in which a scattered beam is passed through a range-modulating wheel [to determine the width of the spread-out Bragg peak (SOBP)] and a custom collimator and compensator (to laterally shape the beam and match the distal edge of the SOBP to that of the patient target). However, this scattering method is limited in its ability to conform dose to the proximal boundary of the target (9). Over time, a pencil beam scanning (PBS) method was developed which exhibited improved dose conformation around the target in comparison to passive scattering methods; dosimetric benefits of proton PBS have been verified across a diverse range of disease sites, including brain, esophageal, oropharyngeal, breast, and liver cancers (3, 6, 10–14). Proton PBS is performed by scanning a monoenergetic pencil beam over a grid of positions and repeating for multiple beam energies to create a SOBP with a varying span along the lateral direction. Treatments using PBS delivery utilize intensity modulation of the pencil beam spots and are optimized using one of two planning techniques. Single field uniform dose (SFUD) planning refers to a planning technique in which pencil beam weights are optimized independently for each field according to the planning objectives, resulting in treatment plans where each field contributes similar tumor coverage. Multi-field optimization (MFO) is a planning technique in which the pencil beam weights of every field are optimized simultaneously. Of these two planning methods, SFUD is more robust against motion because it only requires the consistency of anatomy during the treatment delivery of its own field. MFO requires the integrity of anatomy during the entire treatment session from all treatment fields; therefore, the potential impact of motion is more significant. PBS-based proton therapy is often referred to as intensity-modulated proton therapy (IMPT), which is created by simultaneously optimizing the beam intensity and energy for each spot/delivery unit. The addition to range uncertainties and sensitivity due to steep dose gradients at the distal end of the target, proton PBS presents an additional challenge for precise dose delivery under conditions of motion due to interplay effects between the scanning beam and intra-fractional motion in the patient anatomy (5, 15). The interplay of the proton and ion pencil beam scanning and organ motion has been shown to impact the target dose coverage in multiple disease sites (16–19). Recent lung cancer simulation studies found that interplay effects combined with small spot sizes (~3mm) resulted in a loss of 2-year local control of up to 18.5% ± 25.2% compared with the static cases for single fraction delivery; for multi-fractionation treatment significant loss of local control was observed only for large motion amplitudes (>30mm) (16). For esophageal cancer, a recent planning study found PBS proton therapy plans using posterior beams to be more robust against underdosage (V95%CTV <97%) in comparison with IMRT, but interplay effects had an increasingly negative impact on the dose distribution as the number of simulated fractions was decreased below 10 (17). As the beam delivery time structures and intensities from various charged particle accelerators such as synchrotron or cyclotron are different (20), they can result in different interplay effects (21).

As of 2021, there currently exist twelve operating carbon-ion treatment centers with five more under construction (8, 22). Similar to protons, carbon and other heavier ions such as helium exhibit highly localized dose deposition at the Bragg peak. An additional advantage of treating with carbon ions (over photons and protons) is that they exhibit steeper lateral penumbra and higher linear energy transfer (LET), leading to increased relative biological effectiveness (RBE) (23). Like protons, carbon ions can be delivered either via passive scattering or pencil beam scanning; however, largely due to cost the majority of centers perform only fixed beam delivery, with only two capable of a full range of treatment angles through rotating gantry (24). A challenge of treating with carbon and other heavy ions is that the increased sharpness of the lateral penumbra in combination with the Bragg peak results in heightened dose uncertainties in the presence of motion. In addition, because carbon ions exhibit a distal tail of dose beyond the Bragg peak due to nuclear fragmentation, the potential for dose uncertainties distal to the target volume are of greater concern (24). Additionally, for carbon and heavier ions, RBE is nonlinear with respect to the absorbed dose level, particle energy, and atomic number (25), thus while it is typical to consider a constant RBE for proton radiotherapy (26), when considering the carbon ion interplay effects, the changing RBE along the beam path should be taken into consideration.

Motion management refers to techniques in RT which seek to mitigate the effects of inter- and intra-fractional motion. Causes of inter-fractional motion include weight loss, tumor shrinkage, and organ deformations such as those caused by changes in the volume of the rectum and bladder (27, 28). Inter-fractional motion occurs between fractions, typically separated by hours or days, and thus if correctly identified can be corrected with an established adaptive planning process. Intra-fractional motion is the result of respiration and to a lesser extent cardiac motion and peristalsis. Because intra-fractional motion occurs during treatment on a timescale of minutes to seconds, it represents a greater challenge. Imaging and treatment planning modalities which take into consideration time in addition to the 3-dimensional space of the patient are commonly referred to as 4D (e.g., 4DCT and 4DRT).

Motion management can generally be categorized into one of two strategies: 1) prevent or reduce anatomical motion, or 2) adapt treatment to motion during planning or delivery. The success of these strategies depends on access to imaging techniques which allow motion and/or dose deposition to be faithfully monitored and quantified. While much work has been done to address challenges in motion related to charged particle therapy, currently there is limited standardization of treatment protocols, with many centers developing their own unique standard of procedures and best practices (29). For example, in the case of proton therapy for thoracic cases, the Particle Therapy Co-Operative Group (PTCOG) Thoracic and Lymphoma Subcommittee has begun the work to define a set of guidelines for best practices, but stress that it is still necessary for institutions to determine their own protocols, due to variations in technology across institutions as well as lack of commercialization for many solutions (9). Recommendations for control at other treatment sites are scarce.

This review seeks to provide an overview of current clinical practices for intra- and inter-fractional motion management in charged particle therapy as well as progress to date on emerging technologies that have potential to be used for or impact motion management. The remainder of this review is organized as follows: Section 2 provides an overview of the current state of the art in motion management implemented in clinical charged particle therapy, including motion reduction techniques at the major anatomical sites, imaging techniques for monitoring intra- and inter-fractional motion, as well as treatment planning, delivery, and plan evaluation mitigation strategies; Section 3 discusses promising ongoing research and emerging technologies in charged particle therapy which will either directly benefit or necessitate further innovations in motion management.



Clinical Implementation: the Current State of the Art


Motion Control Techniques at Simulation and Delivery

Motion control techniques consist of methods which seek to reduce patient motion and ensure consistent geometrical orientation during and between fractions.


Thorax and Upper Abdomen

In the thorax and upper abdomen, respiration is the most significant cause of intra-fractional anatomical variations. In thoracic tumors, motion control methods for proton therapy are recommended when a patient’s target motion amplitude exceeds a pre-determined threshold (established per institution based on target location and treatment parameters) (9). Breath-hold is a standard technique for minimizing respiration-based movement during treatment delivery to the thorax and abdomen. Breath-hold involves patients temporarily suspending respiration at specific, reproducible lung volumes. Breath-hold techniques can be classified as voluntary, in which the patient is in control of their breathing (30), or active, in which the patient’s airflow is temporarily blocked by a valve (31). A widely used commercial voluntary breath-hold system is the SDX Respiratory Gating System (DYN’R Medical Systems, Toulouse, France). The SDX system monitors the inspiration and expiration volume of a patient in real-time and provides visual display of the breathing-trace through patient-worn goggles. This allows the patient to perform consistently reproducible breath-holds at a specific volume for a specific duration of time. Typically, for thoracic cases, deep inspiration breath-hold (DIBH) is preferrable (holding in a deep breath at an individually determined volume threshold) because this increases the distance between the tumor and organs at risk. DIBH proton treatments to Hodgkin lymphoma and left breast cancer have shown significant reduction in lung and heart dose compared with the photon plans (32–34). High frequency percussive ventilation (HFPV) is an example of an active breath hold technique. In HFPV, the patient receives high frequency pressured pulses of air, causing suppression of respiratory motion and allowing for longer breath-holds. A drawback of HFPV is the requirement of anesthesia support, which may not be always available in radiation oncology. A recent study has also reported on the use of an enhanced deep inspiration breath hold (eDIBH), which involves passive, patient-controlled breath holds aided by preoxygenation, hyperventilation, and patient coaching to increase breath-hold times. eDIBH was found to reduce variability in lung volume and position in comparison with HFPV (35). Not all patients are candidates for breath-hold techniques. Patients with impaired respiratory function typical of advanced lung cancer may be physically unable to tolerate breath holds, while younger patients may be unable to follow instructions for voluntary breath-hold. Another limitation of breath-hold based motion management is it cannot account for inter-fractional anatomical changes, such as tumor shrinkage and lung density changes which can result in changes to the water equivalent path length (36).

Abdominal compression (AC) belts are a relatively inexpensive and easy-to-implement option for minimizing intra-fractional motion from respiration. For charged particle therapy, thin belts made of homogenous materials are preferred to ensure that the belt has a minimal and reproducible impact on the charged particle range (37). For PBS proton therapy, the use of AC has been shown to be valuable for reducing moderate to large motion during treatment of liver tumors (37, 38). Additionally, AC in combination with layered rescanning and respiratory gating has been clinically adopted for motion mitigation in carbon ion therapy (39). A limitation of compression belts is that the degree of compression applied is limited by individual patient tolerances, with some patients are unable to tolerate abdominal compression during treatment. The compression belt typically has fiducial markers and pressure meter to ensure consistent positioning of the belt during treatment. Nonetheless, it is recommended to avoid having particle beam passing through the device to avoid potential water equivalent thickness (WET) variations in the setup (38).



Lower Abdomen and Pelvic Regions

For the lower abdomen and pelvic regions, positioning techniques focus on reducing motion caused by volume changes in the rectum and bladder. Consistency of the position of bladder and rectal volume across and during treatment can be improved through hydration and voiding schedules (40, 41). Rectal balloons are used to immobilize the prostate and maintain the rectum at a consistent volume during simulation and treatment, reducing uncertainties from variable rectal filling and gas and allowing for smaller target margins and greater sparing of the rectum during external beam radiotherapy (42). For charged particle therapy, rectal balloons are inflated with water instead of air to maintain a consistent water equivalent pathlength (41); this removal of the rectal air cavity likely reduces the dosimetric benefit to the anterior rectal wall which is seen with the air-based inflation used in photon therapy (42, 43). Recently, a rectal biodegradable hydrogel that is implanted between the prostate gland and the rectum was implemented in the clinic. For proton radiotherapy, the use of hydrogel provided improved rectal sparing and decreased late gastrointestinal toxicity compared with the use of a rectal balloon, suggesting that motion due to moderate rectal filling does not require intervention if adequate separation (8-13mm in this study) between prostate and rectum is achieved (44).




Imaging at Simulation and Delivery

Imaging technologies play a pivotal role in motion management for radiation therapy, allowing for the contouring of structures for treatment planning and providing a means to assess and monitor organ motion, either directly by imaging the motion of organs or via indirectly by imaging markers placed in tissue, e.g., fiducial markers. Computed tomography (CT) images are the gold-standard modality for treatment planning; however, CT images acquired during free breathing can suffer from motion artifacts, leading to uncertainty in the true delineation of boundaries between tumor, normal tissues, and organs at risk (45). For this reason, 4D computed tomography (4DCT) images, in which a series of CT images are acquired during different phases of the breathing cycle, have become a standard in treatment planning for thoracic and abdominal regions. One limitation of 4DCT is that irregularities in patient breathing during image acquisition leads to inherent uncertainties in how faithfully the final 4D images represent the patient’s anatomy during respiration. Patients can also exhibit variations in their breathing cycle during day-to-day treatment; the intra-fractional motion patterns from respiration can themselves be subject to inter-fractional variations. For proton PBS therapy, weekly offline CT assessment are recommended for patients expected to experience inter-fractional changes (9). Because not all commercial treatment planning software supports multi-image planning, information from the 4DCT can be utilized for treatment planning by transforming the series of images into a single “representative” view of the patient, such as average intensity projection (AIP), maximum intensity projection (MIP) and mid-ventilation (MidV) (46).

Simulation for proton therapy treatment planning often involves fusion with tissue function-related positron emission tomography (PET) and magnetic resonance imaging (MRI) for target delineation. 4DPET provides information on tumor motion in addition to the metabolic information about the tumor structure and has been shown to be a valuable tool for target delineation in lung cancers (47). 4DMRI provides high contrast of soft tissues and has shown promise for motion-robust target delineation in both abdominal and lung cancers (48–50). A recent study further used 4DMRI and 3DCT to generate synthetic 4DCT for 4D dose calculation and interplay effect evaluation in pancreatic cancer (51).

Conventional cone-beam CT (CBCT) was first implemented for proton therapy for patient setup in 2012 (52). Daily CBCT adds valuable 3D anatomy information and soft tissue contrast in patient setup alignment compared to 2D kV imaging. It can also be used to identify inter-fractional tumor regression, weight loss, organ filling or atelectasis. Efforts have been made to enable CBCT for online adaptive planning for proton therapy (53–56), but it suffers from reduced image quality in comparison to CT due to restricted field of view, lower soft-tissue contrast, and inequivalent relation between CBCT voxel values and Hounsfield units. CT-on-Rails has also been investigated as an alternative to daily CBCT imaging for daily adaptive radiotherapy due to its ability to provide higher quality images at “near-treatment-position”, though widespread adaption of CT-on-Rails is limited due to increased cost and larger footprint (57). Interested readers can find an in-depth discussion on radiological image guidance in particle therapy in the recent review by Landry and Hua (58).

Internal tumor motion during delivery can be monitored through implanted markers, such as electromagnetic sensors (59–61) and fiducial markers (62), with externally placed detectors. A benefit of EM systems or on-board imagers is that they do not require line-of-site and can thus also capture signal from internally placed markers. Tang et al. have used electromagnetic transponders to assess the intra-fractional prostate motion during PBS SFUD delivery (63). A major limitation of electromagnetic systems is that they are sensitive to distortions of the generated electromagnetic signal; a recent study found EM tracking systems unable to provide clinically useful measurements during proton therapy in the presence of gantry motion or when too close to a CT scanner (61). In addition, caution should be taken in the selection of the implanted markers for proton therapy to avoid image artifacts and dose disturbance (64).

Fluoroscopy with implanted markers can produce 2D images with high spatial and temporal resolution. Researchers at Hokkaido University in Japan have pioneered the clinical implementation of a gated proton PBS treatment system that utilizes fluoroscopy for real time tumor tracking through an internally placed gold fiducial marker (65–67). Aside from requiring an invasive placement, a potential risk is that the fiducial marker could migrate from its original placement during the course of treatment (68).

Another strategy for assessing tumor motion is to measure the patient’s surface motion, which can then be used as a surrogate to infer the position and movement of the internal target (69). Surface imaging uses cameras/projectors mounted in the treatment room to capture pseudo-random light patterns projected on the patient surface to derive the patient surface change. It is non-ionizing and can monitor a large surface constantly from a distance; thus in addition correcting for inter-fractional motion during daily positioning, surface imaging is an attractive option for monitoring intra-fractional motion (70). A reported challenge of surface imaging in a clinical proton setting is that the layout of the therapy room can lead to restricted field of view or occlusion of the surface cameras at treatment gantry angle (71). Clinical applications of surface imaging for daily positioning of breast cancer proton therapy patients have been reported and found to achieve similar dosimetric accuracy to daily CBCT (70–72); however it was noted that surface imaging alone can be insufficient to detect internal shifts of breast implants (71). Further surface imaging studies have noted limited correspondence between measured surface motion and internal target motion (73–75). Nevertheless, a recent technological assessment showed that optical tracking has better potential than electromagnetic tracking of embedded fiducial markers for use in PBS proton therapy (61).



Treatment Planning and Delivery

Many different strategies exist to account for patient motion during the treatment planning process or delivery itself. Mitigation during treatment planning and delivery is characterized by an approach of working with or around existing patient motion. These strategies rely on additional information input from imaging, either during simulation (in the case of treatment planning) or in real time during treatment delivery.


Motion-Encompassing Margins

One of the most widely used planning methods to account for expected patient motion in charged particle therapy is to delineate an additional margin around the tumor target, commonly denoted the internal target volume (ITV), which is defined as the overlay of boundaries for all (or a select subset of) CTV positions collected during 4DCT (76). While the use of ITVs alone is not considered adequate for motion management in PBS proton therapy due to range uncertainties and interplay effects, ITVs are recommended for use in combination with other motion mitigation strategies to account for any residual motion uncertainties (77). For example, for patients being treated with breath-hold, several breath-hold CT scans are performed during simulation to create an ITV that encompasses the variability of the breath-hold position for a particular patient. ITV structures can also be used in conjunction with compression belts under conditions of free breathing to account for residual motion. ITVs can be constructed using different methods based on 4DCT images, including Max/Min inhale-based, MIP-based, and MidV-based. In addition, the concept of using density overrides within and around the ITV has been shown in recent simulation studies to improve dose coverage when the target moves through regions of highly variable density (78, 79). Once an appropriate ITV has been determined, additional population-based margins reflecting setup and beam-specific range uncertainties are applied to generate a planning target for each beam (80).



Repainting

A unique challenge for particle therapy in the face of intra-fractional motion is the additional dose uncertainty caused by interplay effects between patient anatomical motion and the delivery sequence of the scanning beam. A mitigation method is to use repainting, which refers to a treatment delivery method applied for PBS by rescanning over the same spot positions multiple times (using an appropriately lower fraction of monitor units defined by the total number of repetitions) (81, 82). Studies on repainting for PBS proton therapy have found that this method improves dose homogeneity; however, interplay effects were found to be more pronounced for small tumor sizes, motion greater than 10mm, and small spot sizes (83, 84). Another recent study demonstrated that interplay effects due to motion could be further reduced using a novel repainting strategy in which the repaintings for a given energy layer (and by extension the repaintings for each spot position) are spread out evenly over the entire breathing cycle (85). This was accomplished by designing a flexible delivery schedule in which the number of times a given spot is repainted as a function of its assigned MU and the time it takes for the scanned beam to reach the given spot from its previous position, such that: 1) each spot is repainted as many times as possible, 2) repaintings for each spot are spread evenly over the breathing cycle, and 3) the total time to deliver a given energy layer is constricted to the length of the breathing cycle. One challenge for the repainting strategy is that it may encounter the minimum MU requirements because it requires the delivery of a smaller amount of dose multiple times. Sometimes it may only be possible to repaint the distal layers because they usually receive more dose.



Beam Angle Selection and Spot Size

In treatment planning, beam angle selection can help to minimize dose deviations by selecting beam orientations that are robust to motion. Proton range is sensitive to tissue variations along the beam path. Movement can cause tissue variation uncertainties that lead to dose deposition uncertainties. Thus, in selecting beam angles for proton therapy, it is advantageous to avoid large tissue density gradients in the beam path and to try to keep the beam angle parallel to the dominant direction of tumor motion (9). It is also important to avoid beam orientations such that the distal fall-off region of the proton range proximally borders an OAR, as range uncertainties could lead to unintended overdosing OAR or underdosing the CTV. Specific protocols for the selection of beam angles have been found to vary across facilities, but nevertheless follow these guidelines discussed above (76).

The pencil beam spot size, defined as the full width at half-maximum of the beam spot in air, has been identified as an additional beam parameter that impacts dosimetric deviations in PBS proton therapy (16, 63, 76). Specifically, larger spot sizes (~13 mm) have been shown to reduce the interplay effect compared with smaller spot sizes (~3mm) (16).



Respiratory Gating

Respiratory gating is a dynamic treatment delivery method used to ensure precise dose deposition in the presence of respiratory motion. In this technique, the treatment beam is turned on only when the patient is in a specific phase of their respiratory cycle. Gating methods can be performed in conjunction with breath-hold techniques or during free breathing; clinical use for charged particles has been described for several disease sites, including the lung, breast, and liver (86–89). Implementation of gating relies on the ability to accurately monitor patient motion during treatment delivery and on the ability for patients to perform reproducible breath holds or reproducible free-breathing cycles. Motion monitoring for charged particle gating is typically accomplished via external surface imaging (90). For PBS proton therapy, a gating approach to treatment delivery in conjunction with real-time fluoroscopy imaging has been implemented and shown via simulation studies to be capable of significantly reducing mean liver dose while providing better target coverage in comparison with a free-breathing approach (66, 91). A limitation of beam gating for PBS-based therapies is that they can still suffer from interplay effects due to residual motion during the selected gating window; recent simulation studies suggest this can be mitigated through the use of laterally and longitudinally overlapping pencil beams or phase-controlled rescanning (92, 93). Another reported challenge to the clinical use of gating for PBS is balancing the gating window width with the duty cycle (ratio of beam-on time to overall treatment time). While a narrower window width provides improved motion mitigation, it can also lead to unacceptably long treatment times. A recent simulation study for PBS-based gated therapy of liver tumors found duty cycle dropped by as low as 10% when a small window width (3mm) was used for a gating-only approach (94). Gating in combination with repainting has been shown to be more efficient in motion mitigation than repainting alone (94, 95). Another challenge of implementing gating for proton therapy is that proton systems are subject to latency in beam control, meaning once a gating signal is detected from the patient, the treatment machine requires a delay to turn-on or turn-off the beam. This delay can sometimes be too long (150-200 ms in a 3-4 s breathing cycle) to perform reliable cycle-to-cycle beam delivery. For this reason, respiratory gating in particle therapy is usually performed in conjunction with breath-hold techniques, which provide a longer treatment window such that the beam’s gate-lag time is insignificant.



4D and Robust Optimization

In radiation therapy, robust optimization (RO) can be used during the treatment planning process to design plans which are robust to the uncertainties associated with treatment delivery, including setup errors and patient motion. Traditionally for photons, such uncertainties in treatment planning have been accounted for by using an expanded margin around the CTV, called the planning target volume (PTV). In proton therapy, the additional presence of range uncertainties and, in the case of PBS, uncertainties from the interplay effect render the use of traditional margin-based solutions insufficient.

3DRO refers to a class of robust optimization techniques which account for patient setup and range uncertainties during treatment plan optimization. Implementations of 3DRO include probabilistic treatment planning, scenario-wise mini-max RO, and voxel-wise worst-case RO. In probabilistic optimization, setup and range uncertainty scenarios are randomly sampled from an assumed probability distribution to produce a large set of potential dose distributions (96, 97). This method is computationally expensive and requires prior knowledge of the probability distributions of the treatment conditions. Scenario-wise mini-max and voxel-wise worst-case RO evade these challenges by performing plan optimization based on either a smaller set of worst-case scenarios or a single worst-possible dose distribution (98–100). 4DRO can be considered an extension of 3DRO in that it also considers intra-fractional variations caused by organ motion such as respiration. Recent simulation studies have shown promising benefits of 4DRO for scanning proton therapy, including improved target coverage and improved robustness against interplay effects (100–102). In a study by Ge et al. comparing the performance between 3DRO and an in-house 4DRO system on a set of 10 lung cancer patients treated with IMPT, the 4DRO system was found to outperform both 3DRO and traditional PTV-based optimization methods in terms of dose homogeneity, CTV target coverage, and dose robustness considering setup uncertainties and patient motion (100). Another recent study published by Mastella et al. looked at the incorporation of gating with 4DRO for 20 lung cancer patients found that this 4DRO optimized gating approach resulted in significant reduction to lung dose while maintaining target coverage (102).

Studies have been performed for carbon ion 4D dose reconstruction and optimization. Reconstruction of the delivered 4D RBE dose needs to consider the tumor motion and temporal structure of the beam delivery (103). Eley et al. (104) worked on a 4D optimization approach for scanned beam tracking to reduce the dose to organs near the moving target. Graeff et al. (105) proposed a 4D optimization scheme that divides the target into sectors and to each of the sector with a delivers dedicated raster field corresponding to individual motion phases. Expanded carbon ion 4D-IMPT including the robust non-linear RBE-weighted optimization was also included (106, 107). For clinical application, it is essential to consider both the 4D treatment planning systems and 4D treatment control systems (108). 4DRO is currently commercially available through the RayStation treatment planning system (RaySearch Laboratories, Stockholm, Sweden) (109).



Plan Evaluation

Due to the interplay effect in proton PBS delivery, special considerations should be taken in evaluating PBS proton plans to ensure that the intended dose distribution can be delivered faithfully under conditions of anatomical motion. The guidelines provided by the Particle Therapy Co-Operative Group (PTCOG) Thoracic and Lymphoma Subcommittee recommended the use of a 4D phantom to evaluate motion interplay effects and the effectiveness of planned motion mitigation techniques, though at this time such a protocol is admittedly out of reach for most centers due to the expense of 4D phantoms (9), which have only recently become commercially available. In the same publication, the importance of continuous plan evaluation (through regular repeat 4DCT scans) to assess the need for plan adaption is also emphasized. Meijers et al. reported on a 4D dose reconstruction method which utilizes weekly repeated 4DCT scans in combination with treatment log files and breathing pattern records from each fraction (110, 111). This dose reconstruction method can be used to calculate dose accumulation on a per-fraction basis, allowing the clinical team to monitor motion-based dose degradation over the course of treatment and to help to trigger adaption when necessary. Recent studies have also reported on the implementation of tools designed for evaluation of PBS proton plans for moving targets. For example, Riberio et al. reported on the development and application of a plan evaluation tool, 4D robust evaluation method (4DREM), which considers both setup errors as well as respiratory motion and the interplay effects (112), while Korevaar et al. developed a scenario-based plan evaluation method which allows for comparison between photon and proton plans (113). In another hand, fast 4D dose calculation with GPU-accelerated dose-engines enable potential clinical use and can be integrated into the optimization process (114–116). Another consideration for 4D dose calculation is that the temporal resolution used can impact the calculated final accumulated dose distribution, a recent simulation study found that the use of finer temporal resolutions for 4D dose calculations can help to reduce the over-estimation of interplay effects for hypo-fractionated treatments (19).





Future Technologies


Advanced Imaging Techniques

A major directive in motion management is to develop methods that allow for high quality in vivo observation of internal anatomic structures during treatment fractions. 4D-CBCT has been recognized as a promising emerging technology in identifying intra-fractional motion at the time of treatment and has been investigated for photon therapy (117, 118). This technology potentially reduces the motion artifacts associated with 3D-CBCT and can be used for tumor motion verification when comparing with the planning 4DCT (119). Currently, there is a trade-off between image acquisition time and image quality, making it challenging for fast and reliable adaptive tumor target delineation and motion analysis with 4D-CBCT. Research investigations of image processing methods to improve 4D-CBCT image quality with reduced scan times are underway (120–123), and the commercial development of a dual-imaging proton treatment system with 4D-CBCT capability has been announced by Hitachi, with approval of the Japan’s Pharmaceuticals and Medical Device Agency (PMDA) granted in 2020 (124).

Other imaging approaches provide promising alternatives for in vivo monitoring of anatomical changes and assessment of range uncertainties. One such developing imaging method for charged particle therapy is ion-based radiography, such as proton radiography (PR). PR involves measuring the residual energy of high energy protons after they have passed through the patient to construct a 2D image where each pixel represents the WET of the patient along the beam path at that position. PR has been proposed as a tool for quality control through in vivo proton range verification, as an aid for pre-treatment patient positioning, and even as a means to guide online plan adaptations (125, 126). The characterization of the WET accuracy, noise, and spatial resolution of a commercially developed prototype for clinical PR were reported (127, 128). Another PR system which measures individual proton depth-dose curves via a multi-layer ionization chamber was introduced and used to measure range uncertainties in proton pencil beams in a 4D porcine lung model; the findings supported the use of 3% range uncertainties for robust treatment planning in thoracic regions (129, 130). Proton-based fluoroscopy has also been proposed, and was investigated for range verification and monitoring of inter- and intra-fractional motion in lung tumors in a recent simulation study (131). Helium and carbon ion-based radiography systems have also been investigated in simulation and experimental studies, with carbon ions achieving the highest image quality at the cost of increased dose (132–134). A benefit of ion-based radiography is that it requires less dose in comparison with conventional x-ray radiography due to low fluence requirements and the Bragg peak not contributing to patient dose. A limitation of ion-based radiography is that particles must be able to fully penetrate the patient to acquire an image. Current clinical therapy systems can achieve a penetration depth of ~30cm, which may be insufficient for large patients for certain beam directions.

MRI-guided radiotherapy is an exciting imaging strategy for in vivo motion management during treatment because in addition to being non-ionizing, it provides excellent soft tissue contrast, high temporal resolution, and is capable of functional imaging (135, 136). While it has already been implemented for photon radiotherapy via the MR-linac, the application to charged particles is currently challenged by the need to mitigate the deflection of the treatment beam by the beamline magnetic field. Modelling on MR-integrated proton therapy for liver cancer has shown clear dosimetric benefits as well as significant reduction in normal tissue complication probability in comparison with other imaging modalities, including offline MR-guided proton therapy and MR-linac (137). Recent studies have made progress in quantifying the impact of the magnetic field on detectors for proton dosimetry and demonstrating the technical feasibility of low-field MR guidance on phantoms in a static research beam line (138, 139). Additional studies have investigated methods for calculating stopping power ratios from MRI to generate an MRI-based “synthetic” CT image for treatment planning and range verification (140). The first clinical MRI-proton system is scheduled to be built in 2022 at the OncoRay – National Center for Radiation Research in Oncology in Dresden, Germany (141).

Motion changes the ion beam path and alters the beam range. In vivo ion beam range can be potentially monitored by secondary particles generated during nuclear reactions of the ion beams with tissue (142). One set of the nuclear processes generates position emitters which annihilates into 511 keV photon pairs. Several in-beam PET designs were proposed to detect the proton range (143, 144). Its potential to assess the proton and carbon ion beam ranges was studied (145, 146). However, the limited PET spatial resolution and the biological washout of the nuclear activation confounds the analysis of the range from the PET images. Nonetheless, reconstructed time-resolved activities indicates its potential for online range verification during treatment (147).

Prompt gamma (PG) imaging is a technology that allows for in vivo proton range verification (on a spot-by-spot basis) during treatment delivery through the measurement of gamma rays created from nuclear interactions with protons passing through tissue. The in vivo human applications of prompt gamma with passive scattering and PBS proton beams were reported (148, 149). One challenge of implementing PG imaging is that the number of photons needed to create a reliable signal (~108) exceeds the number of photons generated in most pencil beams for RT treatment. Potential solutions to this challenge include re-optimizing the treatment plan such that several of the pencil beams are boosted to reach this counting threshold, or aggregating the statistics from multiple neighbour pencil beams (at the cost of reduced resolution) (150). A recent simulation study by Tian et al. demonstrated under conditions of inter-fractional motion that a selective spot boosting method achieved tight <0.8 mm PG-dose correlation. This study further supports its proposed use for proton range monitoring (151).

Detection of the secondary charged particle emission in light-ions such as carbon ion beams was also proposed for beam range monitoring purposes (152); the capability of using charged secondary emission profiles to track ion beam range, spot position, and internal motion has been demonstrated in recent simulation studies (153, 154). It is realized by back-tracking and reconstructing the profile of the secondary emissions (155). The use of charged particles to detect lateral pencil beam position to a resolution of millimeters was reported recently in anthropomorphic head and neck phantom using a carbon ion beam (156). The INnovative Solutions for In-beam Dosimetry in hadronthErapy (INSIDE) collaboration has recently reported on the clinical trial for a carbon ion beam-range monitor and demonstrated the potential of this system to detect inter-fractional beam range variations which could be used to trigger re-simulation and adaptive replanning (157).

Another emerging technology for in vivo range verification is protoacoustics. Protoacoustics works by measuring the thermoacoustic pressure waves generated by the energy deposition of therapeutic protons in tissue. Like prompt gamma, protoacoustics is an attractive option for range verification in that it is derives its signal from the treatment beam itself, essentially utilizing free information from the patient’s internal anatomy without the need for additional dose. In addition, a protoacoustic system can be implemented at low cost compared with other methods (158). Currently, the primary challenge in implementing protoacoustics as a mainstream technology is to develop methods for rapid and accurate translation of the acoustic pressure signal in heterogenous tissues into meaningful information about proton range, which is an active area of research (159, 160). Further work has also been done to characterize the dependencies of the protoacoustic signal on the proton pulse shape (161).



Novel Delivery Methods

Tumor tracking or “beam tracking” in radiotherapy refers to a delivery method in which the tumor position is actively tracked, and the treatment beam is modified in real-time to correct for intra-fractional motion. It has been described by previous reviews as one of the most promising but also the most technically challenging motion mitigation strategy for charged particles (162–164). Although tumor tracking has been achieved in the clinic for photon therapy, clinical implementation has yet to be realized for scanned ion beams due to additional technical challenges presented by charged particle treatment regimes. Unlike photon therapy in which tumor tracking can be achieved in the beam’s eye view, tumor tracking with scanned ion beams requires 3D information as well as the ion beam delivery system’s ability to change beam energy rapidly. Specifically, both the beam position and beam energy need to be rapidly modified to account for changes in the location of the tumor as well as the changes in the beam range caused by variations in depth and/or tissue composition in the beam path. Simulation studies have evaluated the robustness of tumor tracking systems for both carbon ion and proton scanned beams (165, 166). Ultrasound-guided tracking systems have also been explored (167, 168). Efforts have also been made to explore a motion-synchronized dose delivery system for ion therapy which carries the benefits of tumor tracking without the difficulties of implementation (169). In their study, Lis et al. created a 3D treatment plan on each of the 4D breathing phases. With anatomic motion monitoring, dynamic switching between plan libraries for tracking dose delivery was realized through an adaptive layer of software and hardware interfaces. Preliminary tests revealed acceptable dosimetric performance and safety characteristics. The system has the potential to deliver conformal, motion-compensated doses to the moving target.

Various novel beam setups have been proposed to aid in charged particle motion management. The use of a dual carbon-helium ion beam was proposed for carbon ion treatment with helium-guided imaging for range verification (170, 171). The rationale is that for a given energy, helium ions exhibit a range about three times that of carbon ions. This, in conjunction with the fact that both ions have approximately the same charge/mass ratio, means that both ions could be accelerated together in a synchrotron and delivered simultaneously, with the carbon depositing dose in the patient and the helium passing through the patient to a detector to provide online range estimation. Simulation studies using mixed beams have demonstrated the ability to detect range changes as small as 1 mm and detect changes in simulated rotations and bowel gas movement in anthropomorphic phantoms (172). Another novel beam delivery method is the use of radioactive ion treatment beams such as 11C and 15O, which could be utilized for improved PET imaging to achieve more accurate online range verification (173). Finally, patient orientation with respect to the ion beam can also be considered for reducing motion. Patient setup using an upright treatment posture has also been shown to reduce thoracic motion while increasing lung volume, and has been suggested as a potential motion mitigation strategy for lung cancer patients who cannot tolerate DIBH (174). A limitation of upright radiotherapy treatment posture is that for patient simulation it necessitates using a vertical CT to ensure accurate localization of anatomy between simulation and treatment; currently upright treatment of charged ion beams is limited to only a few centers (175).

Just as the evolution of proton therapy from passive scattering to scanned beam delivery presented new challenges in handling patient motion, future advancements in charged particle treatment delivery will necessitate new innovations to ensure patient safety in the face of motion. One promising emerging radiation technology is FLASH radiation therapy. Defined as radiation therapy delivered in ultra-high dose rates (>40Gy/s), FLASH RT has been shown for in vivo animal models to achieve less toxicity for normal tissues while providing the same degree of tumor control (176–179). Multiple platforms (180) including proton clinical machines (181, 182) were able to generate FLASH beams, but biological and technological challenges remain to realize clinical FLASH delivery. Further work on understanding the FLASH mechanisms, as well as optimal treatment dose, dose rates, and fractionation scheme needs to be established (183–185). Shortened treatment delivery times resulting from FLASH dose rates would potentially alleviate concerns about intra-fraction motion, but this also means that any unaccounted-for setup uncertainties and motion will likely lead to the dose being delivered to a completely unexpected location with no opportunity to be mitigated. Thus, the FLASH treatment paradigm necessitates a revisit on current clinical motion management practice and the exploration on the limits to ensure safe and accurate dose delivery when considering the “snap” of motion during ultra-fast dose deliveries.

Arc therapy is an emerging technology in proton therapy in which the gantry is rotated continuously through a pre-selected arc during treatment delivery. ARC therapy for photons (VMAT) is a standard clinical tool with several different commercial systems available (186). In 2021, the commercial proton therapy vendor IBA announced a global DynamicARC consortium, signaling a shared commitment between industry and select clinical centers towards translating proton arc therapy into a commercially available system in the near future (187). While proton ARC therapy has yet to be adopted into standard clinical practice as of yet, its application has been investigated and shown promise in reducing treatment delivery times, improving dose conformality, and reducing dose to OARs in multiple treatment sites (188–190). Planning study was also performed for carbon-ion beams to show normal tissue sparing and mitigation on the hypoxia-related tumor radioresistance (191). Robustness against range uncertainties using proton ARC therapy was demonstrated (192, 193). However, a potential drawback of proton ARC therapy is that it results in increased low dose/low LET dose to normal tissues, which could increase the risk of secondary cancers (194). Different treatment delivery scheme and dose distribution in ARC therapy from traditional PBS delivery will need further studies to assess potential interplay between patient motion and the rotating treatment beam.



Artificial Intelligence

Artificial intelligence (AI) refers to technologies or machines which can perform tasks/calculations with human-like skill and cognition. Machine learning (ML) is a subcategory of AI relating to computer algorithms which can “learn” to perform a task without being explicitly programmed to do so. Machine learning, and in particular deep learning (DL), has found tremendous success in the past decade in many diverse fields, ranging from finance to automotive technologies, and to medicine (195). DL (also called deep machine learning) is a specific class of ML algorithms which is capable of learning higher-order abstract representations or “features” from raw input data, as opposed to classical ML algorithms which learn patterns from user defined (“handcrafted”) features (196). There is no known theoretical basis for the required structure of an algorithm to achieve DL; in practice however, artificial neural networks, which by design perform a nonlinear mapping from input data to the desired output space, have achieved the best success to date. In radiation oncology, machine learning and deep learning have seen exponential growth in applications and are poised to revolutionize the field (197).

Deep learning applications have been investigated for inter-fractional motion management in charged particle therapy. Van der Heyden et al. presented a single detector, multi-energy proton radiography system which relied on artificial intelligence to filter out proton scatter (198). In addition, multiple studies have been reported which utilize deep learning as a tool to facilitate accurate proton dose calculation from daily CBCT images (121, 199–201). Elmahdy et al. also reported on a convolutional neural network (CNN)-based model for robust, automatic contour propagation in prostate cancer for online adaptive proton therapy (202).

Relating to intra-fractional motion management, many studies have been published which apply deep machine learning towards challenges of real-time target tracking for both charged particles as well as photons. For example, Hirai et al. introduced a CNN-based model for marker-less real-time tumor tracking which was tested retrospectively on lung and liver cancer patients who received fluoroscopic imaging during carbon ion therapy (203). Mylonas et al. reported on the use of another CNN-based architecture for real-time tracking of arbitrarily shaped fiducial markers in fluoroscopy images (204). The motivation behind this study was to allow for fiducial marker segmentation without the need for prior maker-characterization, sparing the patient of additional imaging dose. Zhao et al. proposed a deep learning-based method for pancreatic tumor localization without the use of fiducial markers (205). Kim et al. introduced a CNN-based deep learning model for predict future motion of proton therapy patients based on facial expressions (206). In another promising study, Lin et al. describe a “super-learner” model which combined traditional neural networks with decision tree-based ML algorithms to predict the range of patient thoracic motion during proton therapy based on initial diagnostic CT and EMR data (207).

A substantial roadblock to implementing deep learning models in the clinical workflow stems from issues relating to model interpretability. Specifically, the inherent complexity of deep learning algorithms makes it difficult to understand how the models think (hence why DL models are often referred to as “black boxes”) (208). Though capable of high accuracy predictions, DL models are still sensitive to unintended bias in the training data. The ability to understand and interpret the results of clinical models is critical for ensuring patient safety and quality of care in the event that such models fail (209). To this end, the task of developing interpretable machine learning models without sacrificing model performance is an active research topic (210–212). One approach in handling the ethical question of what role a non-human entity should be trusted to play in clinical decision making is to require algorithms to follow a “human in the loop” framework. In a human-in-the-loop framework, clinicians remain fully integrated in the decision making process by allowing for human-computer interactions by which clinicians provide feedback/information to aid in model development, and the resulting models in turn provide accountable, interpretable decision support to the clinician (208).




Summary

In this review, we provided an overview of the current clinical treatment methods for motion management in charged particle therapy as well as future emerging technologies and methodologies. As the use of charged particle therapy becomes more widespread and new treatment delivery modalities arise, further work will be necessary to ensure robust and accurate dose delivery. For the case of inter-fractional motion, further progress is also necessary to develop adaptive planning protocols which are triggered for clinically significant anatomical changes and can be implemented within the time and resource constraints of a clinical setting. Another important task in this field is to continue the development of imaging and tracking systems which allow for accurate localization of the tumor and internal anatomy delivery at the treatment couch prior to delivery and in real time. One limitation of most studies on motion mitigation methods is that dosimetry is used the primary evaluation metric. Future studies which can connect motion mitigation methods to clinical outcomes would aid in accelerating standardization of care.
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We describe a way to include biologically based objectives in plan optimization specific for carbon ion therapy, beyond the standard voxel-dose-based criteria already implemented in TRiP98, research planning software for ion beams. The aim is to account for volume effects—tissue architecture-dependent response to damage—in the optimization procedure, using the concept of generalized equivalent uniform dose (gEUD), which is an expression to convert a heterogeneous dose distribution (e.g., in an organ at risk (OAR)) into a uniform dose associated with the same biological effect. Moreover, gEUD is closely related to normal tissue complication probability (NTCP). The multi-field optimization problem here takes also into account the relative biological effectiveness (RBE), which in the case of ion beams is not factorizable and introduces strong non-linearity. We implemented the gEUD-based optimization in TRiP98, allowing us to control the whole dose–volume histogram (DVH) shape of OAR with a single objective by adjusting the prescribed gEUD0 and the volume effect parameter a, reducing the volume receiving dose levels close to mean dose when a = 1 (large volume effect) while close to maximum dose for a >> 1 (small volume effect), depending on the organ type considered. We studied the role of gEUD0 and a in the optimization, and we compared voxel-dose-based and gEUD-based optimization in chordoma cases with different anatomies. In particular, for a plan containing multiple OARs, we obtained the same target coverage and similar DVHs for OARs with a small volume effect while decreasing the mean dose received by the proximal parotid, thus reducing its NTCP by a factor of 2.5. Further investigations are done for this plan, considering also the distal parotid gland, obtaining a NTCP reduction by a factor of 1.9 for the proximal and 2.9 for the distal one. In conclusion, this novel optimization method can be applied to different OARs, but it achieves the largest improvement for organs whose volume effect is larger. This allows TRiP98 to perform a double level of biologically driven optimization for ion beams, including at the same time RBE-weighted dose and volume effects in inverse planning. An outlook is presented on the possible extension of this method to the target.
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1 Introduction

In the last decades, the physical and radiobiological properties of charged particles have been extensively studied, as an alternative to the traditional photons in radiation therapy (1). It was in particular emphasized that ion beams heavier than protons combine both physical and biological advantages (2). Among these particles, carbon ions have now reached clinical use in a dozen of treatment centers around the world, and typically, they are used for tumors that are inoperable or resistant to traditional treatments (3). Their use is presently still limited, primarily because of economic and logistical reasons, but also due to greater difficulty in characterizing and modeling the physics and radiobiological effects of ion beams on the biological tissues (4).

In state-of-the-art centers like HIT (Heidelberg), CNAO (Pavia), MED-Austron (Wiener Neustadt), or HIMAC (Chiba), the dose is delivered in a so-called “raster scanning mode”, which allows optimal flexibility for improved tumor three-dimensional dose shaping and sparing of healthy tissues. The scanning parameters and the resulting dose distribution are obtained using dedicated treatment planning systems (TPSs) accounting for both physical and biological effects of the particles. TRiP98 (TReatment plannIng for Particles), the GSI (Darmstadt) research planning software for ion beams (5, 6), was the first TPS of this type and served as a reference for the following ones. This software allows to determine the optimal 3D biological dose distribution for a specific patient, imposing a uniform dose for the tumor and a maximum dose objective for critical structures. TRiP98 was used clinically during the GSI therapy pilot project, which started in 1997 in collaboration with DKFZ (Heidelberg), the University Clinic Heidelberg, and the FZ Rossendorf (Dresden), when 440 patients have been treated with carbon ions in an 11-year span, in particular with head and neck cancers (7). After that, it has been extensively used and expanded until now, as an advanced research tool for biological treatment planning with ion beams, including among others multiple-field optimization (8), advanced relative biological effectiveness (RBE)-weighted dose algorithms (9), oxygen enhancement ratio (OER)-driven optimization (10), helium and oxygen beams characterization (11, 12), and multiple-ion optimization (13). Despite all these advanced implementations, the volume effect was never included in the TRiP98 optimization, which is only based on a single dose value to date, i.e., the prescribed dose for target and a maximum dose for organs at risk (OARs).

Organs and tissues have a biological architecture, allowing them to perform specific functions. Such architecture has consequences also on the response of healthy organs to radiation, which is more complex than the response of an ensemble of cells that behave independently from one another. A key aspect determining the response of organized biological tissue to ionizing radiation is the so-called volume effect (14), which can be qualitatively described as the capability of an organ to compensate the radiation damage to part of it as long as the rest of the organ is sufficiently spared. There have been different proposals in the literature on a quantitative description of the volume effect. At the moment, one of the most commonly used is the generalized equivalent uniform dose (gEUD) proposed by Niemierko (15), which is an expression based on a power law dose–effect relation converting a heterogeneous dose distribution into a homogeneous dose distribution with the same biological effect.

There is a strong rationale for including volume effects in treatment planning optimization, in particular for OARs showing large volume effects, such as the lung, liver or parotid glands. Furthermore, the inclusion of the volume effect is a stepping stone towards the definition of cost functions that directly optimize the most clinically relevant parameters concerning healthy tissues, i.e., the normal tissue complication probability (NTCP).

Such an approach, which goes in the direction of what is called biologically oriented treatment planning, was tested for photon radiotherapy in a number of studies (16–18), investigating different approaches to extend the objective function for efficiently minimizing the gEUD. Over the past 10 years, the availability of gEUD-based optimization for photon radiotherapy in clinical practice has significantly increased. The use of gEUD in plan optimization has been addressed already in 2012 by Allen et al. (19). Only recently a single attempt to translate it for carbon ion therapy was performed based on different formulations for the equivalent uniform dose (EUD) (20). The latter case in fact is complicated by the additional biological level involved in a carbon plan optimization, namely, the RBE, a strongly non-linear effect.

The purpose of this work is to include objectives related to the volume effect in plan optimization for carbon ion therapy, in addition to the standard voxel-dose-based criteria already implemented in TRiP98. This approach should allow to optimize the dose in a different way according to the type of organ considered, attempting to improve the sparing of critical structures and therefore reducing the probability of complications.

This paper is organized as follows: we first describe the link between tissue architecture and normal tissue response to radiation, and we present an expression for gEUD. We then introduce the optimization problem in TRiP98; in particular, we define the cost function, we describe how the dose is calculated, and we present the optimization algorithms used in this study. We discuss in detail the novel optimization method based on the gEUD implemented in TRiP98 for OARs, and we show some treatment planning examples, comparing the new gEUD-based approach with the standard voxel-dose-based method. Finally, we discuss possible additional implementations for the optimization of the target and developments towards direct NTCP-based optimization.



2 Materials and Methods


2.1 Tissue Architecture and Volume Effect

When complex biological systems are considered, like tissues or organs, cells are organized in structures that are often called functional sub-units (FSUs), which may also be visible at the morphological level (e.g., in lung alveoli or kidney nephrons). The volume effect can be interpreted as a consequence of the fact that FSUs can be organized in different ways in different organs (14). For instance, a small volume effect (i.e., the fact that the organ damage is determined by the maximum dose, even if delivered to a very small portion of the organ itself) is the consequence of FSUs organized in form of a chain. In this case, it is sufficient that a single element of the chain breaks down for the chain not to exist anymore. This is the reason why complications associated with a small volume effect are also referred to as “serial”. In the case of complications with a large volume effect (e.g., radiation pneumonitis), where the mean dose is the parameter that best correlates with the outcome, the FSUs are instead organized as threads of a rope. In this case, the rope is still functional as long as a sufficient number of threads are working, thus the name of “parallel” complication.

The “parallel” and “serial” behaviors are simplifications. In reality, each organ, and even each complication for the same organ, will have its own specific volume effect, which can be anywhere between a purely serial and purely parallel behavior.


2.1.1 Generalized Equivalent Uniform Dose

The gEUD is an expression to convert a heterogeneous dose distribution into a uniform dose associated with the same biological effect (15); the conversion is based on a power law:



where Di is the dose associated with the voxel i, M is the number of voxels of the anatomical structure considered, and a is the parameter quantifies the volume effect of the organ/tissue considered, and it is specific to each biological structure (or each type of complication). For a → −∞ ⇒ gEUD → Dmin, for a → +∞ ⇒ gEUD → Dmax, and a=1 ⇒ gEUD = Dmean. This phenomenological description can be applied to both tumors (a < 0) and normal tissues (a > 0).

In addition to representing a more realistic description of the dose–effect relation for healthy tissues, from an optimization perspective, the use of gEUD has the advantage of providing a single metric able to control the volume irradiated from 0 to maximum dose, while dose–volume histogram (DVH)-based optimization considers only one dose value per DVH point.

The benefits of the using gEUD in the optimization of treatment plans have been investigated in the case of photon therapy, for different TPS and using different types of optimization algorithms [see e.g., Wu et al. (16), Schwarz et al. (18), and Fogliata et al. (21)].

The goal of this kind of optimization is to achieve a reduction in dose to the OAR focusing on the dose range that matters the most for that specific organ or complication. For instance, in the case of organs where the probability of complication is related to the mean dose, the setting a = 1 implies that the optimizer will have the same incentive in achieving dose reduction anywhere between 0 and maximum dose. On the other hand, in the case of small volume effects, by setting a >> 1, the gEUD will be largely determined by the DVH shape at high doses, thus creating an incentive for the optimizer to reduce the dose mostly in that dose range.



2.1.2 Normal Tissue Complication Probability

The probability of encountering a radiotherapy side effect is typically quantified via NTCP models. Several NTCP models exist, and the so-called Lyman–Kutcher–Burman (LKB) model (22, 23) is the most commonly used so far. An additional advantage of the LKB model in the context of our work is that its formulation is consistent with the gEUD expression, and it is therefore possible to use it as a phenomenological description of the dose–effect relation for an OAR. In the LKB formulation, the NTCP is defined as



where



TD50 is the whole organ dose corresponding to 50% complication probability and m is the slope of the dose–response curve at TD50. Therefore, an organ that receives a heterogeneous dose, described by a DVH, has the same NTCP as if it was irradiated with a uniform dose equal to gEUD.




2.2 Optimization in TRiP98

A radiotherapy treatment plan for a patient is a calculated dose distribution that achieves a satisfactory balance between the tumor control probability and the sparing of healthy tissues. In actively scanned particle therapy, the dose is usually delivered using a raster scanning system, which maximizes the degrees of freedom available in dose delivery, and as a consequence in dose shaping. In order to generate a treatment plan, a computational engine like TRiP98 is used: this allows to optimize the vector of particle numbers   for all rasterpoints from all fields in order to obtain a 3D dose distribution that respects the objectives imposed (plan optimization), taking into account patient data (CT images, volume of interest (VOI) contours, the prescribed and maximum doses for each VOI, etc.), beam data (number of fields, ion species, available energies, etc.), and also physics and radiobiology data (depth-dose distributions, particle energy spectra, RBE, etc.). The optimization task produces in the output the scanner parameters (beam energies, particle fluences and positions) and the patient plan (DVH, dose distribution, etc.). The crucial part of the production of an acceptable treatment plan is the optimization task. The TRiP98 structure is schematized in Figure 1.




Figure 1 | Simplified flowchart structure of TRiP98: input data (green boxes), including the extension developed in this work, i.e., the implementation of a generalized equivalent uniform dose (gEUD)-based objective in the optimization procedure (black box); optimization task (red boxes); output data (blue boxes).




2.2.1 Objective Function

The starting point of the optimization procedure is the definition of a cost function, which formalizes the treatment goals in a mathematical expression. In a clinically realistic case, these objectives are in conflict with each other, and the final dose distribution is the best achievable compromise given such objectives. In TRiP98, the available objectives are uniform dose to the target and an upper dose value for each OAR (5, 6). The TRiP98 cost function is defined as follows:



where   is the vector of particle numbers; MT and MOAR are the total number of target and OAR voxels, respectively; Dpre and Dmax are the prescribed dose per fraction for the target and the maximum dose per fraction for the OAR, respectively, where Dmax is defined as a percentage of Dpre;   is the actual physical or biological dose per fraction at voxel i; ∆Dpre and ∆Dmax are normalization factors, and they are usually imposed equal to 0.025·Dpre and 0.025·Dmax, respectively, where 0.025 is half of the estimated percental accuracy in dose calculation (5); wT and wOAR are the weight factors associated with each VOI; finally



is a Heaviside function in order to penalize only overdosage of OAR voxels, unlike the target, where both under- and overdosages are penalized.



2.2.2 Dose Calculation

The interaction between a heavy ion beam and biological matter is very complex and leads to the creation of a mixed radiation field, due to the presence of ions with a very different linear energy transfer (LET) and the production of secondary particles caused by the fragmentation of the primary ions. The actual biological effect must be taken into account when calculating the dose in the case of a particle beam.

The physical dose (or absorbed dose) (5) at each voxel i is calculated as



where  is the transposed column vector of the dose correlation matrix, whose elements dij represent the contribution from rasterpoint j to the dose at voxel i (8).

The biological dose (or RBE-weighted dose) in a voxel i is defined as the product between the physical dose  and the relative biological effectiveness RBEi (6):



where the physical dose in each voxel i is the result of the superposition of several pencil beams (5), while RBE is a function of the tissue type and mixed radiation field, and it is calculated according to the local effect model (LEM) (6, 24–26).

Due to the stochastic nature of ion traversals and energy distributions, the biological damage for mixed radiation fields is estimated using Monte Carlo integration methods in the “classical” approach (6). Since this approach is very time-consuming, a faster method was developed, i.e., the so-called “low-dose” approximation (27), which allows to determine an analytical expression for the biological dose with an acceptable error of a few percent with respect to the “classical” approach in a therapeutic range of doses (6), i.e.,



where the biological effect is



where Dt and Smax are respectively the dose threshold and the maximum slope at high doses used by the LEM, determining the transition from the linear-quadratic to a purely linear region of response, St is the survival fraction at Dt, αx and βx are the X-ray coefficients of the dose–response curve, and  and   are the mixed field coefficients, derived by a Zaider–Rossi weighting (28) of the α and β parameters of each particle type and energy, composing the beam (27).



2.2.3 Iterative Optimization Algorithms

The optimization problem consists in determining the optimal particle number for each spot j, i.e., the optimal dose distribution, via minimization of the cost function  . This requires to deal with a couple of problems, such as several ten thousands of rasterpoints to be handled as free parameters, a minimum number of particles for each rasterspot due to the technological limitations of the raster scanner, the presence of the Heaviside functions in the cost function, and the non-linearity of the biological dose. All this makes it impossible to solve the problem analytically and forces the use of fast and efficient algorithms. Several optimization methods exist, approaching the problem in different ways. In TRiP98, the type of algorithms already implemented belong to line search methods, which are commonly used and are based on the gradient of the cost function with respect to the particle numbers  .

The principle behind these iterative algorithms is as follows: at each iteration k, the vector of the particle numbers   is obtained such that the condition   is true. The new particle numbers are calculated as



With this parametrization, the multidimensional optimization problem is reduced to the determination of a minimization direction   and the estimation of a stepsize μk along the search direction  . Repeating this calculation for a certain number of iterations, the actual vector of the particle numbers   converges towards the optimal vector  . The starting values for particle numbers   are calculated during the preoptimization as described in Gemmel et al. (8).

Several iterative optimization algorithms are implemented in TRiP98. In this work, both the simplest one [steepest descent (SD)] (8), which consists in minimizing the cost function along its negative gradient, and the default one [Fletcher–Reeves variant of conjugated gradients (CGFR)] (9), which is faster because the minimization direction takes into account the previous successful iterations, have been employed. More details about iterative optimization algorithms used in this work and convergence tests are given in the Supplementary Material (Section 1).

The optimal particle numbers can be obtained considering the two or more irradiation fields separately (single field optimization) or simultaneously (multiple field optimization) (8) during the optimization procedure. In particular, in this work, the second approach is used because it allows a better sparing of the critical biological structure, in particular for complex anatomy cases.

There are two methods to obtain the optimal particle numbers. The simplest approach consists in neglecting the variability of the biological effect, optimizing the absorbed dose, which depends in a linear way on the number of particles  , i.e., the actual dose in the cost function is   (physical optimization) (5). Instead, in the second approach, the actual dose is calculated according to equation 8, i.e.,  , which depends in a non-linear way on the number of particles   (biological optimization) (6).




2.3 Implementation of Generalized Equivalent Uniform Dose-Based Optimization for Organs at Risk

The gEUD-based optimization allows to control the whole DVH shape of an OAR using a single objective, taking into account its volume effect in the optimization, by adjusting the prescribed value gEUD0, i.e., the desired dose level to be reached for each OAR, and the volume effect parameter a, which quantifies the volume effect of the OAR considered. In order to do this, an additional term for each OAR in the original cost function, with a quadratic penalty, is implemented in TRiP98, namely,



where



is the actual value, MOAR is the total number of voxels for a single OAR, ∆gEUD0 = 0.025 gEUD0 is the normalization factor, wOAR is the weight factor, and



is a Heaviside function in order to penalize OAR with actual gEUD larger than the prescribed value gEUD0.

Therefore, the total cost function is



and it is possible to decide whether to optimize the dose distribution for a given organ by imposing a maximum dose or a prescribed gEUD and also to choose different values of Dmax or gEUD0 for each OAR considered.

In principle, by decreasing gEUD0, one can achieve a lower gEUD for a given organ, i.e., a larger sparing. The expected result of changes in a is to change the dose range where the organ sparing will be maximized: for example, selecting a = 1 the whole area under the DVH curve should be minimized, while for a >> 1, the best DVH will be obtained in terms of sparing at high doses.

In the following paragraphs, the solutions in the case of physical and biological optimization are presented.


2.3.1 Solution for Physical Optimization

The fundamental step to solve the optimization problem is the determination of the gradient of the cost function   with respect to the particle numbers  . In the case of physical optimization, i.e., neglecting RBE in dose calculation, the gradient of the total cost function is calculated as



where the voxel-dose-based term is



and the new gEUD-based term is



Thanks to the chain rule in the derivation, the task becomes the calculation of the absorbed dose gradient for each voxel i from equation 6, which is calculated as  , where   is the transposed column vector of the dose correlation matrix already introduced.

The second important step is the determination of a scalar μk, i.e., the stepsize, for each iteration k, solving the following equation:



for μk and for each iteration k, where the physical dose at iteration k + 1 is calculated as  .

In the case of physical optimization and for OARs with large volume effects, namely, considering a = 1, equation 18 is solved analytically because all terms are linear in μk. Instead, in the case of a > 1 due to the non-linearity of the gEUD-based term, we made two approximations: linearization of   for small dose variation in each voxel i, i.e.,  , and large volume effect approximation, i.e., considering a = 1. The expression obtained for the stepsize  , in this case, is reported in the Supplementary Material (Section 2).



2.3.2 Solution for Biological Optimization

Biological effectiveness and its relative variation for a high Z particle like carbon are not negligible. For this reason, we focused on biological optimization, which consists in considering the total cost function defined in equation 14, but where the actual dose Di() at each voxel i is calculated as the RBE-weighted dose  , i.e., according to equation 7. The difficulty is that this expression is highly non-linear because both the absorbed dose   and the RBEi depend on the vector of particle numbers . An approach to solve the problem is now presented. As for the physical case, also for biological optimization, it is necessary to calculate the gradient of the total cost function and estimate the stepsize.

The expression of the gradient of the total cost function is the same as for the physical optimization case thanks to the chain rule in the derivation; the only difference is the presence of the biological dose gradient with respect to the number of particles:



where the first term is the physical gradient component, while the second term is the biological gradient component.

There are several ways to calculate this gradient already implemented in TRiP98: the simplest approach is the classical method (6), in which ∇RBEi is neglected, namely, the RBE is considered as a constant. However, in this way, the minimization direction is not optimally determined, and we may have accuracy problems during optimization. Therefore, the approach used in this work is based on the so-called “low-dose” approximation for a mixed radiation field (27), which allows to obtain an analytical expression for the biological dose and its gradient, according to equation 8, in a fast way.

The second element necessary to solve the optimization problem is the determination of a stepsize   for each iteration k, in principle solving equation 18. But due to the non-linearity of the biological dose with , it is not possible to obtain an analytical expression for the stepsize μk. For this reason, only an estimate of the true solution can be obtained, which approximately fulfills the equation.

The most common method used in TRiP98 is based on the calculation of the stepsize   solving equation 18; then, using “damping factor” f, an estimate of   for each iteration k is thus obtained as



Testing different “damping factor” values, it is noticed that a reasonable value is f = 0.5, as it was reported in Gemmel et al. (8).




2.4 Patient and Plan Parameters

In order to study the role of the cost function parameters gEUD0 and a, the gEUD-based optimization is tested considering a plan containing the proximal parotid gland as an OAR, in addition to the tumor (chordoma). Also the brainstem is considered, as an additional OAR, in order to have a clinically realistic plan. The tumor is irradiated using two nearly opposite fields, with (couch) angles −100° and 75°, according to the original plan. The uniform prescribed dose Dpre for the target is 3 Gy, according to the original prescription for a single fraction of the patient case, while the parotid is optimized with different combinations of gEUD0 and a values. The SD algorithm was used.

The new gEUD-based optimization approach is tested for different sample plans of patients treated for head and neck cancers during the GSI pilot project. The tumor is a chordoma located in the skull base, while the typical OARs in this region are organs with a small volume effect, like the spinal cord, the brainstem, the optic nerves, and the chiasm, for which the most important dose level is the maximum dose. But there are also important glands located in correspondence of the cheeks with a large volume effect, i.e., the parotid glands, for which the aim is to reduce the mean dose, in order to reduce the probability of complications (reduction of the salivary flow, speech and taste alterations, etc.). For all these plans, a multiple field optimization of the biological dose is performed, using the CGFR algorithm. Moreover, the plans obtained using the gEUD-based optimization are compared with the results coming from the standard voxel-dose-based approach. The prescriptions for the plans for both voxel-dose-based and gEUD-based optimization are reported in Table 1.


Table 1 | Cost function parameters for plans 135 and 335.



A typical situation of chordoma case is patient number 135 from the patient database of the GSI pilot project. This represents a very complex anatomical geometry, where the tumor is wrapped around the spinal cord, which is the OAR considered in this plan. This tumor is treated using two nearly opposite fields, with (couch) angles −100° and 104°, according to the original plan.

Another typical treatment plan is patient 335, which contains multiple OARs with small volume effects, like the spinal cord, the brainstem, the right and left optic nerves, the chiasm, but also the right parotid gland (proximal in this irradiation geometry), with a large volume effect. The tumor is irradiated using two nearly opposite fields, with (couch) angles −100° and 75°, according to the original plan.

A further investigation is done with this treatment plan. In fact, in the original plan for patient 335, only the proximal (right) parotid gland was considered. Therefore, the idea is to consider also the distal (left) parotid gland in order to see what happens if it is optimized using the gEUD-based approach. The aim is to reduce the mean dose received by both parotids. For this reason, an additional objective is considered for the left parotid in the definition of the total cost function; in particular, a volume effect parameter equal to 1 and a gEUD0 equal to 0.60 Gy are used for both glands. The objectives for the other organs are the same as in the previous plan (see Table 1).

Additional results about patient plans optimization are reported in the Supplementary Material (Section 3).

The estimates of NTCP presented in (29) for the parotids correspond to a dose per fraction of 2 Gy, while the dose per fraction prescribed in the optimization of our work is 3 Gy. This choice is due to the fact that the treatment plans considered in this work come from the GSI pilot project (which is a standard reference for TRiP98 implementations), and for this reason, we decided not to change the prescribed dose values. However, this deviation would only involve at most an underestimation of the improvement obtained in terms of NTCP with the new approach based on gEUD compared to the method based on the maximum dose. A possible way to solve this limitation is to calculate the mean dose to the parotids in terms of EQD2 and then to estimate their NTCP, i.e.,



where Dtot is the total dose, Nfrac is the number of fractions, and α/β = 2 Gy in this case.




3 Results


3.1 Role of the Cost Function Parameters

This section reports the results obtained for the study of the cost function parameters during the optimization, in particular gEUD0 and a for an OAR. The patient considered has been described in Section 2.4.

The DVH in Figure 2A shows the dependence of the dose distributions for values of gEUD0 between 0.80 and 0.40 Gy, for a fixed weight factor wOAR = 20 and volume effect parameter a = 1. As expected, decreasing gEUD0, the mean dose Dmean decreases from 0.81 to 0.44 Gy. Instead, the different impact on the DVH shape is visible in Figure 2B, using different values for the volume effect parameter a, with a = 1 minimizing the mean dose, while as a increases, this reduction shifts to regions of the DVH that receive higher doses (the maximum dose Dmax decreases with increasing a, in particular from 2.69 Gy for a = 1 to 2.38 Gy for a = 10). It should be noted that in Figure 2B the gEUD0 value is changed correspondingly to the variation of the a value to reflect the different regions of the optimization, by obtaining Dmax values almost constant. All these parotid dose distributions are achievable without affecting the target dose. This effect is also visible in the 2D dose distributions (Figure 3).




Figure 2 | Dose–volume histograms for a chordoma patient (same as in Figure 3). (A) For different gEUD0 to the parotid. Cost function parameters: Dpre = 3.00 Gy, wT = 1 (target); wOAR = 20, gEUD0 = 0.80, 0.70, 0.60, 0.50, 0.40 Gy, and a= 1 (parotid). (B) For different a values of the parotid. Cost function parameters: Dpre = 3.00 Gy, wT = 1 (target); wOAR = 20, (gEUD0, a) = [(0.50 Gy, 1), (0.80 Gy, 2), (1.15 Gy, 5), (1.45 Gy, 10)] (parotid).






Figure 3 | Comparison of dose distributions on a CT slice for different volume effect parameters a of the parotid. Cost function parameters: (A) gEUD0 = 0.50 Gy, a = 1 (red DVH in Figure 2B). (B) gEUD0 = 1.45 Gy, a = 10 (violet DVH in Figure 2B). The target (brown contour) and the right parotid (red contour) are shown. The dose levels are plotted in per mil of the prescribed dose.



Therefore, by appropriately choosing a pair of values for the volume effect parameter and for the prescribed gEUD, it is possible to finely control the shape of the DVH, depending on the type of biological architecture of the organ under consideration. Of course, the levels of control and variability of the DVH shape depend not on the gEUD parameters only but also on how the different components of the whole cost function interact with one another.



3.2 Comparison Between Voxel-Dose-Based and Generalized Equivalent Uniform Dose-Based Optimization

This section shows the results obtained for patient plans optimized with the gEUD-based and voxel-dose-based approach. The plan parameters have been described in Section 2.4.

In the case of patient number 135, from the gEUD values and the maximum doses obtained (Table 2) and from the DVHs (Figure 4C), it is evident that by using a volume effect parameter equal to 20, it is possible to obtain very similar plans using two different optimization approaches: in particular the gEUD values of the spinal cord are equivalent, and the target DVHs are identical. This is also confirmed by the dose distributions as shown in the CT slices in Figures 4A, B. The choice of a = 20 is due to the fact that the spinal cord is a typical serial organ and therefore requires a large volume effect parameter value. Furthermore, considering, for example, a = 15 or a = 25 in the optimization, the maximum dose is stable (Dmax = 1.83 Gy and Dmax = 1.79 Gy, respectively), and for this reason, the value a = 20 was chosen.


Table 2 | gEUD and other dosimetric indexes for the VOIs of plan 135.






Figure 4 | Comparison of dose distributions on a CT slice for patient plan 135, obtained with (A) voxel-dose-based and (B) gEUD-based optimization. The target (brown contour) and the spinal cord (red contour) are shown. The dose levels are plotted in per mil of the prescribed dose. (C) Comparison of DVHs obtained with voxel-dose-based (solid line) and gEUD-based (dashed line) optimization for patient plan 135. gEUD, generalized equivalent uniform dose; DVH, dose–volume histogram.



For patient number 335, observing the gEUD values and the maximum doses of the OARs coming from the optimization (Table 3), the DVHs (Figure 5), and the dose distributions (Figure 6), it is possible to conclude that the optimization of a complex plan, containing many biological structures with a small volume effect, using gEUD-based objectives is feasible; in particular, the DVHs of organs with a small volume effect are equivalent from a clinical point of view, but also the gEUD values for these organs, with a = 20, are the same.


Table 3 | gEUD, NTCP and other indexes for the VOIs of plan 335.






Figure 5 | Comparison of dose–volume histograms (DVHs) obtained with voxel-dose-based (solid line) and generalized equivalent uniform dose (gEUD)-based (dashed line) optimization for patient plan 335.






Figure 6 | Comparison of dose distributions on a CT slice for patient plan 335, obtained with (A) voxel-dose-based and (B) generalized equivalent uniform dose (gEUD)-based optimization. The target (brown contour), the right parotid (red contour), and the brainstem (blue contour) are shown. The dose levels are plotted in per mil of the prescribed dose.



In addition to that, the most important result obtained here is that the gEUD-based optimization allows to reduce the mean dose received by the proximal parotid gland, considering a volume effect parameter equal to 1 (see Table 3), without losing target coverage; it is also visible by observing the dose distributions in Figure 6. This is very important because the probability of a complication for this biological structure, i.e., the NTCP, is linked with the mean dose. Therefore, a gEUD reduction corresponds to a NTCP reduction. This is quantified using the LKB model for NTCP, according to equations 2 and 3, and considering the parameters proposed by Dijkema et al. (29), where n = a = 1 was fixed in the fit, and the values of TD50 and m and their 95% CIs were TD50 = 39.9 Gy (37.3–42.8) and m = 0.40 (0.34–0.51).

For this purpose, a complete treatment plan of 20 fractions of 3 Gy is considered. Then the NTCP curve for the right parotid is plotted as a function of the gEUD for a = 1, i.e., Dmean; furthermore, the NTCP values corresponding to the gEUD values obtained with the two optimization methods are calculated, and they are plotted in Figure 7. In particular, for this plan, the NTCP of the proximal parotid is reduced from 6.98% to 3.09%, i.e., by a factor of 2.3, using the gEUD-based optimization. This means a higher sparing of the parotid gland using this new optimization approach. Considering EQD2 calculation according to equation 21, the NTCP is reduced from 11.09% to 4.37%, i.e., by a factor of 2.5.




Figure 7 | Normal tissue complication probability (NTCP) curve for the right parotid gland of patient plan 335, calculated according to Lyman–Kutcher–Burman (LKB model) using the parameters obtained by Dijkema et al. (29). The error bars were calculated considering the maximum and minimum NTCP values coming from the combination of the extreme values of the parameters TD50 and m (95%CIs): TD50 = 37.3 Gy and m = 0.51 for the highest NTCP value, and TD50 = 42.8 Gy and m = 0.34 for the lowest NTCP. A therapeutic plan of 20 fractions of 3 Gy is considered, with EQD2 calculation.



Considering both parotid glands for patient number 335, as can be seen from Table 4 and from Figures 8, 9, a mean dose reduction for both parotids is achieved using gEUD-based optimization instead of imposing a maximum dose for each gland. Note that a further reduction of the prescribed Dmax, besides, it does not correlate directly with a mean dose reduction, leads to a worsening of the target coverage, and we chose to compare plans with the same level of target coverage.


Table 4 | gEUD, NTCP and other indexes for the VOIs of plan 335, considering both parotid glands.






Figure 8 | Comparison of dose–volume histograms (DVHs) obtained with voxel-dose-based (solid line) and generalized equivalent uniform dose (gEUD)-based (dashed line) optimization for patient plan 335, considering both parotid glands.






Figure 9 | Comparison of dose distributions on a CT slice for patient plan 335 considering both parotid glands, obtained with (A) voxel-dose-based and (B) generalized equivalent uniform dose (gEUD)-based optimization. The target (brown contour), the right parotid (red contour), the left parotid (violet contour), and the spinal cord (green contour) are shown. The dose levels are plotted in per mil of the prescribed dose.



Furthermore, from the NTCP curve in Figure 10, a reduction of NTCP for both parotids can be seen, in particular from 6.98% to 4.03% for the proximal one and from 10.28% to 3.93% for the distal one, while considering EQD2 calculation according to equation 21, the NTCP is reduced from 11.10% to 4.37% (proximal parotid) and from 16.92% to 5.78% (distal parotid).




Figure 10 | Normal tissue complication probability (NTCP) curve for the parotid glands of patient plan 335, calculated according to Lyman–Kutcher–Burman (LKB) model, using the parameters obtained by Dijkema et al. (29). The error bars were calculated as before. A therapeutic plan of 20 fractions of 3 Gy is considered, with EQD2 calculation.






4 Discussion

In this work, a possible approach of the gEUD-based optimization is implemented for the first time in TRiP98 as an alternative to the standard voxel-dose-based criteria. The resulting optimization method is able to account for RBE weighting of the dose and volume effects at the same time, i.e., a double level of biologically driven treatment planning.

From studying the cost function parameters during the optimization procedure, it emerges that it is possible to obtain different dose distributions for a given OAR using various combinations of prescription gEUD0 and volume effect parameter a. In particular, as gEUD0 decreases, it allows a greater sparing of the OAR considered, while as the parameter a increases, the DVH of the OAR takes very different shapes. For example, for a = 1, there is a decrease in the volume receiving doses close to the mean dose, while for a >> 1, there is a decrease in the volume receiving higher doses, as expected, thus showing high flexibility in planning criteria. This result is very important since gEUD is closely linked to the concept of NTCP, and therefore a decrease of gEUD leads to a reduction of NTCP. This is exactly what happens for patient plan 335 (Figures 5, 6, 8, 9), where a reduction of gEUD for a = 1 in the case of the parotid involves a greater sparing of this gland and a reduction of the risk of complications quantified in terms of NTCP (Figures 7, 10). Even more importantly, this occurs both considering the single parotid or both glands during the optimization and also without losing control of the target DVH. This means that, in principle, by choosing a reasonable combination of gEUD0 and a, it is possible to reduce the probability of a complication for a given OAR by imposing a single objective during the optimization, formalizing it by a quadratic term during the definition of the cost function. Obviously, the effect of greater sparing of healthy organs will be more evident for organs with a large volume effect, as in the case of the parotid gland, compared to purely serial organs, in which the probability of complications is linked to the maximum dose, as for the spinal cord of patient plan 135 (Figure 4), where similar results are obtained using voxel-dose-based or gEUD-based optimization. But at the same time, this result can be seen as the possibility of using gEUD-based optimization for any type of organ, achieving improvements in the case of organs with large volume effect or similar results for organs with small volume effect with respect to the standard criteria, as in the present case, based on a maximum dose as an objective.

A possible limitation of this approach is that for many organs, there are no precise estimates for the volume effect parameter a, but only reasonable values from clinical studies. There is also a lack of knowledge of the specific tolerances for each organ in terms of gEUD. Therefore, it is necessary to test different combinations of gEUD0 and a in order to identify the couple that leads to satisfactory results in terms of dose distributions and estimates of NTCP. On the other hand, a similar limitation is shared by the maximum dose criteria since such values are also associated with uncertainties.

It should be also noted that the large improvement observed in Figures 5, 8 would be probably reduced when compared to a voxel-dose-based objective including several points. We decided to directly implement the gEUD-based optimization instead of the possibility to add several DVH point constraints considering also the arbitrarity of such points selection.

As described in Section 2.2.3, the optimization task in TRiP98 is based on iterative algorithms that belong to exact line search methods, which require the calculation of a minimization direction and a stepsize in an analytical way. This approach, due to the non-linearity of the problem, imposed the use of some specific approximations: the linearization of the gEUD-based objective (in Section 2.3.1) and the use of a “damping factor” (in Section 2.3.2) in order to obtain an analytical expression of the stepsize for biological optimization. A possible simplification of this approach could be, as an alternative, the implementation of a numerical approach, like the backtracking line search method [e.g., (30)]. The latter is a more general method to get an approximated value of the stepsize, which would not require the above specific choices. While we kept in this work the already implemented and highly tested analytical approach of TRiP98, future implementation of a numerical line search method could be in principle possible and useful.

Besides the ones here presented (SD and CGFR), there are alternative algorithms for non-linear optimization, such as BFGS (9), already implemented in TRiP98, and several others not yet implemented, such as interior-point method (31) and sequential quadratic programming (32). With this work, we wanted to implement a new optimization approach based on gEUD in TRiP98, while staying as close as possible to the already implemented optimization routines. The implementation of additional algorithms, however, could be evaluated in the future.

Furthermore, in principle, the gEUD-based quadratic cost function presented in this work could be applied independently of the optimization routine, previously mentioned, or the biological dose model used. For example, an alternative method for the optimization of the biological effect is the one proposed by Wilkens and Oelfke (33).

Optimization based on gEUD has been extensively studied in the case of photon therapy, as in Schwarz et al. (18) and in Fogliata et al. (21), which used a quadratic cost function similar to ours, and also in Wu et al. (16), where a logistic cost function was used, but much less in the case of particle therapy. In fact, the gEUD-based optimization has already been partially explored only by Brüningk et al. (20) in the case of carbon ion therapy. Indeed, that study focused more on the equivalent uniform effect (EUE)-based optimization, using the approach proposed by Wilkens and Oelfke (33), comparing it also with the optimization based on RBE-weighted gEUD. Furthermore, the results shown there refer to organs with a small volume effect of a single plan. Finally, in that work, the influence of uncertainties in the volume effect parameter on the optimization outcome was investigated. Instead, in our work, we implemented a cost function with a quadratic penalty in RBE-weighted gEUD in order to maintain objectives on dose values and not on other quantities such as the EUE or NTCP. We decided to do this in order to make the new implementation an extension of the overall voxel-dose-based cost function of TRiP98. Moreover, in our work, a greater focus has been given to organs with a large volume effect, such as the parotid glands, in order to explore planning problems where the benefits of gEUD-based optimization are expected to be the largest. We also presented several treatment plans for which we compared voxel-dose-based optimization with the new gEUD-based approach. Finally, we also showed some technical details regarding the implementation of gEUD-based optimization, as well as some convergence tests in the Supplementary Material.

Another code, matRad (34), recently introduced the possibility to select a gEUD-based objective. It provides two options to perform biological optimization: the first one considers the biological effect-based optimization, according to Wilkens and Oelfke (33), while the second one takes into account the first implementation of RBE-weighted dose-based optimization used in TRiP98 (6). In our work instead, we employed the updated version of the RBE-weighted dose-based optimization, described in Krämer and Scholz (27) and Gemmel et al. (8), with the explicit inclusion of ∇RBEi in the minimization, a feature that is not present in (6), as detailed in Section 2.3.2, but it is somehow implicitly accounted in (33). Another difference is that in matRad the absolute minimization of gEUD is proposed, while in our work, a prescription is defined and a quadratic objective is considered. Finally, in that work, no results from gEUD-based optimization are shown.


4.1 Outlook

Beyond the gEUD-based optimization of healthy organs, the next step would be to optimize also the target with gEUD: the idea is to use a negative value of a in order to control low dose levels, combined with the use of a positive a value to control high dose levels, treating the target as an OAR. This idea can be formalized mathematically defining a new cost function for the target composed of two terms that are dependent on gEUD, replacing the uniform dose objective, namely,



where the first term is for the minimum dose control, while the second one is for the maximum dose control, and



are Heavyside functions in order to penalize the target if the actual gEUD values are smaller or larger than the prescribed values, respectively. In principle, using two gEUD objectives with two volume parameters does allow to control both high and low doses in the target. In theory, the advantage of this approach is to relax the objectives on the target, and when combined with the gEUD-based optimization of the OARs, it should allow for further sparing of them. Obviously, this should be demonstrated in clinical cases.

Another possible future step could be to move from the gEUD-based optimization of healthy organs to a direct NTCP-based optimization. As already mentioned above, in this work, we implemented a gEUD-based optimization because this is located in the dose space, and therefore, it is sufficient to integrate an additional term in the overall cost function to take into account the volume effect during the optimization task. Therefore, this allows to choose between optimization based on gEUD or on maximum dose depending on the type of OAR considered. Furthermore, given the close link between gEUD and NTCP as seen in equations 2 and 3, minimizing gEUD means also minimizing NTCP; this is also evident from the results obtained for patient 335, where the decrease in gEUD for the parotid glands corresponds to a reduction in the corresponding NTCP. Instead, the NTCP-based optimization is located in the probability space, and it becomes necessary if we want to optimize the absolute risk of complication for an organ for which more complications are associated or if we want to minimize the probability of complications for multiple OARs. Kierkels et al. (35) proposed a method in order to consider multivariable NTCP models in treatment plan optimization in the case of photon therapy. They demonstrated the feasibility of using NTCP-based optimization in the case of head and neck cancer and compared this method with gEUD-based optimization, obtaining in both cases clinically acceptable plans with small differences. According to them, one of the advantages is that NTCP models combine multiple factors into a single objective, but at the same time, as described by Witte et al. (36), in order to use NTCP in the optimization task, it is necessary to implement a complex objective function. On the other hand, according to Wu et al. (17), one of the advantages of gEUD-based optimization over other methods, such as dose–volume-based or NTCP-based optimizations, is that it requires fewer planning parameters.

Finally, a combination of DVH-based and gEUD-based objectives may be of interest for specific OARs where DVH point constraints are commonly enforced in clinical practice.




5 Conclusions

In conclusion, we reported the first implementation of gEUD-based optimization in TRiP98 for carbon ion therapy, adding a new term in the cost function, in order to take into account for volume effects in the optimization task. The present implementation, coupling organ structures with RBE-weighted dose consideration, allows a strong accounting of biological effects in particle beam treatment planning. In particular, it allows to control the whole DVH shape of an OAR using a single objective, reducing different dose levels depending on the value of the chosen volume effect parameter, i.e., increasing the sparing of the organ considered. In particular, for organs with a large volume effect, it is possible to reduce their NTCP. This approach could also be extended to the target, in principle to obtain a further sparing of healthy organs. Finally, the gEUD-based optimization seems to be an excellent compromise between not taking at all into account the volume effect (voxel-dose-based optimization) and the direct minimization of NTCP (NTCP-based optimization).
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The advent of Graphics Processing Units (GPU) has prompted the development of Monte Carlo (MC) algorithms that can significantly reduce the simulation time with respect to standard MC algorithms based on Central Processing Unit (CPU) hardware. The possibility to evaluate a complete treatment plan within minutes, instead of hours, paves the way for many clinical applications where the time-factor is important. FRED (Fast paRticle thErapy Dose evaluator) is a software that exploits the GPU power to recalculate and optimise ion beam treatment plans. The main goal when developing the FRED physics model was to balance accuracy, calculation time and GPU execution guidelines. Nowadays, FRED is already used as a quality assurance tool in Maastricht and Krakow proton clinical centers and as a research tool in several clinical and research centers across Europe. Lately the core software has been updated including a model of carbon ions interactions with matter. The implementation is phenomenological and based on carbon fragmentation data currently available. The model has been tested against the MC FLUKA software, commonly used in particle therapy, and a good agreement was found. In this paper, the new FRED data-driven model for carbon ion fragmentation will be presented together with the validation tests against the FLUKA MC software. The results will be discussed in the context of FRED clinical applications to 12C ions treatment planning.




Keywords: hadrontherapy, carbon ion (C12), fragmentation, fast MC, quality assurance (QA), graphics processing unit (GPU)



1 Introduction

In Particle therapy (PT) solid tumors are irradiated by means of accelerated charged particle beams (mainly protons and, more recently, carbon ions). The main advantage this technique with respect to the standard radiotherapy using X-rays/electron beams, is related to the different longitudinal energy release profiles. While photons longitudinal dose release is characterized by a slow exponential decrease, for charged particles a sharp peak at the end of the path is observed, providing a more selective energy deposition. By conveniently controlling the Bragg Peak (BP) position by means of the beam energy tuning, it is possible to concentrate the dose to tumors and, at the same time, preserve the surrounding healthy tissues. In carbon ion therapy an important effect that has to be properly accounted for at the treatment planning stage is the contribution to the dose absorption distribution from nuclear fragments produced by the interaction of carbon ions with target nuclei. This process attenuates and mitigates the primary beam contribution while producing secondary fragments with an energy per nucleon comparable to that of the projectile. As a consequence, the total absorbed dose will have a non-negligible contribution due to secondary particles which have different biological effectiveness and range with respect to the primary beam, releasing the dose also in a tail beyond the BP. When comparing carbon ions and protons, it is also important to note that the BP of the former is more resolved and the absorbed dose distribution shows a better ratio between the peak and the plateau region. Another important difference is that photons have a sparse ionization density (low-LET radiation) and protons are considered to the photon-like beside their end-of-range path where they can reach high LET values, while carbon ions are high-LET particles all along their path. The achieved steep, when compared to conventional radiotherapy, dose gradients in PT demand accurate patient positioning and treatment planning to maximize the treatment efficacy. Patient treatment plans are obtained using a Treatment Planning System (TPS) software that provides, accordingly to medical prescriptions, the irradiation details for each particle beam in each field. The commercial TPS used in the clinical routine are mainly based on analytical algorithms that achieve a reduced computation time at the cost of a reduced accuracy in the dose maps calculations. Analytical TPSs have to be routinely tested through quality assurance (QA) tools to verify that the accelerators parameters have been calculated correctly for each patient. In several treatment centers the QA check is performed having the accelerator delivering the beam in a tank full of water following the TPS instructions and then measuring the dose in different target points with several ionization chambers. To improve the analytic TPS usually Monte-Carlo based TPS are employed (e.g. both RayStation and Varian AcurosPT provide full MC support). It has been demonstrated that the use of MC in PT could lead to a significant reduction in treatment planning safety margins (1), thanks to its accurate modelling and calculation of the dose absorbed by the tissues. MC simulations of proton treatment plans have previously been performed using well‐established software packages such as FLUKA (2), GEANT4 and MCNP X (3). Despite the improvements that can be obtained by means of MC dose calculation, pencil-beam-based algorithms are widely used in clinical practice (4), mainly because of their high computational efficiency. On the other hand, the accuracy of a MC dose calculation is determined by the total number of particles used for the simulation, implying that a large number of particles, and long computational times, are needed to yield the desired level of precision. For that reason, the use of full MC simulations, especially in carbon therapy where also the secondary particles emitted need to be accounted for, is limited to the re-calculation of existing treatment plans for research studies, while it is not suitable for a routinely application in the TPS implementation and as QA tool for all patients (5). Despite the great efforts devoted to reducing the MC dose calculation time (6–9), the currently available algorithms and implementations still cannot match the clinical requirements.

The advent of general programming Graphics Processing Units (GPU) has prompted the development of MC algorithms that can significantly reduce the plan recalculation time (10–19) achieving an impressive speed gain compared to CPU‐based calculations, profiting from algorithmic simplifications and hardware acceleration. Exploiting the GPU hardware, many vended TPS used for proton therapy now include MC tools (20–25). For carbon therapy, recently a tool called goCMC (GPU OpenCL Carbon Monte Carlo) (26) was developed.

In this framework, the FRED (Fast paRticle thErapy Dose evaluator) (27) software toolkit has been developed. It is a MC-based software optimized for GPU architecture that has been developed to recalculate and optimize external beams radio therapy treatment plans delivered using either protons, carbon ions, electrons or photons. FRED purpose is to rapidly recalculate a complete treatment plan within minutes, opening the way for many clinical applications where the time-factor is of paramount importance.



2 Material and Methods

The FRED core engine has been developed balancing accuracy, calculation time and GPU execution guidelines to achieve the best accuracy in the absorbed dose calculation while exploiting the GPU power to reduce the calculation time. To do so, the most effective physical models from the literature have been chosen, and a careful optimization has been carried out to achieve the needed precision in the dose calculation while avoiding the explicit computation and handling of processes that would result in negligible contributions while affecting the software tracking performance (e.g. atom excitation, the production and tracking of photons, etc.). To reduce the computational time of many physical processes, FRED relies on a library of pre-computed look-up tables. This approach performs extremely well on GPU cards where hardware interpolation can be exploited using the so-called Texture Units. The algorithms core structure is detailed elsewhere (27).

The handling of proton beams interaction with matter implemented within FRED is already at a mature stage, achieving a precision that matches the clinical requirements and allowed its use as a quality assurance tool in the centers of Maastricht and Krakow and as a research tool at several clinical and research centers in Europe (Krakow, Trento, Maastricht, Lyon and PSI). Carbon ion, electron and photon beams have been recently introduced as well for applications in carbon ion therapy, photon radiotherapy and IORT (IntraOperative Radiation Therapy). In this contribution the newly developed data-driven tracking model of carbon ions will be described in detail.

The dose engine for carbon ions relies on three main building blocks that are used to simulate the particles interaction with matter: the ionization energy loss, the multiple scattering and the fragmentation model. The ionization energy loss and multiple scattering implemented in the carbon ions model are analogous to the ones used in FRED for protons (27). For what concerns the multiple coulomb scattering of carbon ion beams, the single Gaussian term included in Highland’s formula (28) to account for such interactions is multiplied by a scaling factor fmcs, following the approach documented in Fippel and Soukup (7). This factor was obtained by comparing FRED and FLUKA simulations of a single pencil beam in water with an energy in the center of the therapeutic range and with nuclear interactions switched off. The values obtained have been computed at different depths, energies and using different ion beams, resulting in values ranging from fmcs = 1.29 (for 200 MeV/u alpha particles, computed at 15% of range) to fmcs = 1.43 (for 300 MeV/u oxygen ions, computed at 90% of the range). For each transported charged particle, the best scaling factor was implemented as the one that gave the best lateral distribution of a single pencil beam at the BP placed at a reference depth of 15 cm in water.

The nuclear model, developed completely from scratch, has been parameterized using data already published and this is, as for now, a unique characteristic of FRED. The other available MC software implemented on a GPU hardware that is currently capable of handling carbon ions interactions [goCMC (26)] makes instead use of the information obtained from Geant4 simulations. In particular, for FRED, data used for the calculation of the fragmentation cross sections were extracted from the papers of Tacheki (29), Zhang (30) and Kox (31, 32). Data used for the sampling of the combination of fragments emitted, energy and angle distributions, were taken from the experiments at Ganil (laboratory of CAEN, France), where the fragmentation of carbon ions on thin targets (H, C, O, Al and Ti) has been studied (33, 34). The experiment provided data about the angular and energy cross-section of a carbon beam of 95 and 50 MeV/u and with detection angles in the range (-43°; 43°). To simulate all the energies of interest for carbon ion therapy [namely up to 400 MeV/u as in the case of CNAO center (35)], an algorithm to scale the energy and angle distribution as a function of the incident particle energy has been implemented. Whenever the data were missing, the predictions of the FRED model have been bench-marked instead, against the FLUKA MC.


2.1 Nuclear Model

The nuclear interactions of a given particle are handled in two separate steps. First, the probability that a nuclear interaction occurs is computed, taking into account each particle mass attenuation coefficient using the following equation:

 

where the sum is performed against all the elements of the target compound, μ is the attenuation coefficient, ρ is the material density, NA is the number of Avogadro, wi, Ai and   are respectively the mass weight, the atomic mass and the total cross-section of nucleus-nucleus interactions of each i-th element of the target. The total cross-section is defined as the sum of the elastic and non-elastic cross-sections.

Elastic collisions are handled requiring kinetic energy and momentum conservation, and sampling the deflection angle in the center of mass frame. In the case of non-elastic collisions, no energy conservation is implied, the incident carbon ion track is removed from the simulation, and charged fragments are generated by means of a sampling procedure and queued for tracking.


2.1.1 Elastic Cross-Section

The elastic cross-section is explicitly accounted only if the carbon ion projectile interacts with a hydrogen nucleus, as the fragmentation process dominates for all heavier target nuclei. To handle the elastic interactions, we have exploited the center of mass reference system in which the carbon ion interactions with the proton target can be modeled using the data collected studying the reversed process (proton interactions with a carbon ion target).

The sampling of elastic cross-sections was done according to data available from the ENDF database [ENDF/B-VII Incident-Proton Data (36)], based on nuclear model calculations benchmarked against experimental data (37, 38).

The relationship between the carbon ion scattering angles, when it interacts with the hydrogen nucleus, in the center of mass and in the laboratory reference frames can be written as:

 

where θl and θc are respectively the scattering angles in the laboratory and center of mass (CoM) reference frames, A is the atomic mass of the projectile and the atomic mass of the hydrogen has already been considered equal to 1 (39, 40). The carbon ion diffusion angle is hence extracted using, as input, an isotropic distribution computed in the CoM frame.

With the same procedure it is possible to calculate also the proton target deflection (ϕl):

 

The other parameter necessary for the description of the elastic interaction is the new energy of the projectile and of the target element(s). The kinetic energy in the laboratory system after the collision,  , is:



where α equals to   and El is the kinetic energy of the ion in the laboratory system before the collision. Similarly, in the laboratory system the energy of the proton   is:

 



2.1.2 Non-Elastic Cross-Section

The non-elastic cross-section depends on the crossed material and on the type and energy of incident particle.

The cross-section of a nucleus projectile Np (Figure 1 left) interacting with a nucleus target Nt is obtained from a fit to existent carbon-carbon interactions data [Takechi (29), Zhang (30) and Kox (31, 32), Figure 1 right]:

 


where Ec = 30 MeV, p0 = (762 ± 7)mb, p1 = (14.0 ± 0.7) × 10–4 mb MeV–1, p2 = 6.7 ± 0.8 and p3 = (13.4 ± 0.7) × 10–3 MeV–1 have been obtained from the fit. K(Ap, At, E) is a scaling factor that is needed whenever the projectile and target nuclei are different from carbon. In particular, the scaling has been obtained using the energy-dependent Kox formula (41–43) for the total cross-section σK in nucleus-nucleus reactions

 

where σK(12C,12C, Ecm) is Kox’s cross-section for carbon on carbon interactions, while σK(Np, Nt, Ecm) is the Kox’s cross-section for a nucleus projectile Np impinging on a nucleus target Nt.





Figure 1 | On the left, cross-sections of a carbon ion beam as a function of the energy per nucleon of the projectile interacting with different targets: calcium (purple cross), carbon (green x), oxygen (blue asterisk), hydrogen (orange square). Each cross-section has been obtained as described by Eq. 6 with the exception of the hydrogen target for which the available ICRU data has been used (Figure 2). Cross section dependence on the energy per nucleon of the projectile is shown. On the right, fragmentation cross-section in carbon-carbon interactions in the energy range of interest for hadron therapy as a function of the total energy of the projectile. In red the fit to data from papers of Takechi (29), Zhang (30) and Kox (31, 32).




This scaling law is used for every nucleus of the target except for hydrogen, for which the cross-section has been computed using the available data from ICRU (International Commission on Radiation Units & Measurements) (41). The comparison between the available data and the simulation performed using FRED is shown in Figure 2. The cross-sections are collected in pre-computed look-up tables that FRED reads and interpolates.




Figure 2 | Carbon-hydrogen fragmentation cross-section. For energies higher than 250 MeV/u the cross-section can be considered as nearly constant. Red triangles show the ICRU data fit result that is used in the FRED implementation. ICRU data (41) are represented as green squares.



The fragmentation of secondary particles has been computed directly using the Kox formula (42–44). The simulation studies we performed clearly showed that the secondaries fragmentation gives a negligible contribution to the deposited dose. For that reason, by default, the algorithm only takes into account the primary particles fragmentation. We have although left the possibility, for the user interested in evaluating directly the impact of such contribution, to choose whether to enable the accounting for the secondary fragmentation contribution as well.



2.1.3 Fragmentation Model

The nuclear fragmentation process is still lacking a theoretical model capable of providing accurate and precise cross sections predictions. Interactions between the projectile and target nuclei are ultimately described by quantum electrodynamics (QED) but nuclear fragmentation interactions are many-body problems that defy present-day calculation methods at the most fundamental level. The lack of a fundamental theory has been addressed developing a semi-empirical model to describe nucleus-nucleus interactions. The details can be found in the next paragraph.


Sampling of the Target

The first step to simulate the fragmentation process in a given medium made of many materials is the choice of the actual nucleus of the target on which the fragmentation occurs. FRED computes such information from tables where a cumulative distribution (explained in detail here-after) is associated with each target used in the 95 MeV/u Ganil experiment and to each possible fragment emitted. To choose which combination of fragments will be emitted, it is necessary to know the nucleus hit by the carbon ion. This information is retrieved using the Kox’s cross-section σK (42–44) and computing a cumulative distribution based on the probability for each nucleus to be hit:

 

where

 

and   is the sum of the cross-sections of all the N nuclei of the target weighted by the occurrence n of each element. For hydrogen and carbon targets, the available cross-section from data is used. As an example, we list the definition of the probability of interaction on hydrogen and oxygen nuclei, P(H) and P(O) respectively, for a carbon ion impinging on a water target:





where   are respectively the cross-sections for a hydrogen target, which is calculated by means of a data fit (Figure 2), and the Kox cross-section for an oxygen target. The Kox cross-section is used to compute the probability that an incident particle has an interaction with a given nucleus of crossed material. The algorithm extracts a uniform random number (0,1) to compare with the cumulative distributions in order to choose the element to be used for the fragmentation simulation.



Sampling of the Fragments

Once the target nucleus has been determined, the software computes the emission probabilities for each fragment using a look-up table. The isotopes with a non-negligible production cross section are: neutrons, 1H, 2H, 3H, 3He, 4He, 6He, 6Li, 7Li, 7Be, 9Be, 10Be, 8B, 10B, 11B, 10C, 11C and 12C. The probability table has been computed using an iterative algorithm [Newton Method (45)] that allowed to reach a good agreement with the data published from the 95 MeV/u Ganil experiment. This iterative procedure was implemented to account for the experimental correlation between the different fragments production probabilities measured by Ganil. Table 1 reports the results of the procedure, used for all the targets with the exception of hydrogen, for each isotope and elemental target in comparison with Ganil experiment measurements.


Table 1 | Production probabilities per isotope and for each elemental target reported in the Ganil experiment (33) and built for the code FRED.



Since the Ganil experiment, as shown in Table 1, did not had any experimental access to the production of fragments heavier than 7Be in the case of a hydrogen target, in that case the algorithm uses as input the cumulative distributions obtained from a FLUKA simulation1 of the interactions of a 95 MeV/n carbon beam impinging on a thin target. The same holds also for the neutron production, absent in the Ganil data.

Outgoing particles from a heavy-ion fragmentation reaction are typically described as either “projectile” or “target” fragments. In the Ganil experiment, both types of fragments were detected and it was impossible to distinguish them. For that reason, both phenomena were considered to be present when using the cumulative distributions. The fragmentation production probabilities were also scaled to account for the non-negligible contribution from elastic scattering of 12C isotopes. The simulation of each event proceeds using random numbers to sample, by means of the cumulative distributions previously described, the projectile fragments. The same procedure is used for the target fragmentation.

Once the complete set of fragments is defined, the energy and angle computation are obtained as described in the following section. If the sum of the energy of all projectile’s and target’s fragments is greater than the energy of the projectile, the software extracts a new set of fragments until mass, charge and energy are conserved. The most frequent fragments are neutrons, protons, deuterium and Helium-4 followed by lighter fragments.



Sampling of Energy and Angular Distributions

When a projectile particle with a velocity v interacts with a fixed target, the produced projectile and target fragments have different angular and energy distributions. While projectile fragments are emitted mostly forward (small angles of emission) and have, on average, the same energy per nucleon of the projectile, target fragments have lower energies and their space distribution is more isotropic. Golovkov and Matsufuji (46, 47) observed that, to describe the energy and angular distributions of secondary fragments, Gaussian and exponential distributions are needed. The first one accounts for fragments produced by the projectile, while the latter one for the target fragmentation. In Ganil data the two contributions were mixed and could not be disentangled. In Figures 3–5, it is possible to observe an example of energy and angle distributions, in linear and logarithmic scales, for the six different fragments (1H, 4He, 6Li, 7Be, 11B and 11C) detected by the 95 MeV/u Ganil experiment after the interaction of a 12C ion beam with hydrogen, carbon and oxygen targets respectively.




Figure 3 | Contour lines (red) of bidimensional fits of energy and angle distribution of different fragments produced by a 95 MeV/u carbon ion beam interacting with a hydrogen target. The color maps represent data taken from the 95 MeV/u Ganil experiment in linear (left) and logarithmic (right) scale.






Figure 4 | Contour lines (red) of bidimensional fits of energy and angle distribution of different fragments produced by a 95 MeV/u carbon ion beam interacting with a carbon target. The color maps represent data taken from the 95 MeV/u Ganil experiment in linear (left) and logarithmic (right) scale.






Figure 5 | Contour lines (red) of bidimensional fits of energy and angle distribution of different fragments produced by a 95 MeV/u carbon ion beam interacting with an oxygen target. The color maps represent data taken from the 95 MeV/u Ganil experiment in linear (left) and logarithmic (right) scale.



The measured fragment angles were in the range between 4° and 43°, while the applied energy threshold was fragment-dependent (ranging from 4 MeV for 1H to 86.9 MeV for 12C). The bi-dimensional phenomenological distribution, f(E, θ), built using a combination of Gaussian and exponential functions, which better describes the data is the following:

 

where A1, A2, αE, αθ, σE, σθ, < E > and < θ > are respectively the different normalization factors of the projectile and target contributions, the empirical coefficients that take into account the target fragments energy and angle dependency and the mean and spread, in energy and angle, values describing the projectile fragments distributions. The parameters used in FRED are shown in Tables 2–4 for hydrogen, carbon and oxygen target respectively.


Table 2 | Parameters of Eq. 12 considering a 95 MeV/u carbon ion beams on a 1H target.




Table 3 | Parameters of Eq. 12 considering a 95 MeV/u carbon ion beams on a 12C target.




Table 4 | Parameters of Eq. 12 considering a 95 MeV/u carbon ion beams on a 16O target.



The projectile fragments have an average energy per nucleon that is close to the projectile one (in this case 95 MeV/u) and their direction is peaked at zero degrees along the incoming beam direction. The target fragments angular distribution is instead almost isotropic and the energy is smaller than the energy of the projectile fragments. The contribution of the projectile fragments term becomes more important when the fragments are heavier. For the hydrogen fragments (1H, 2H and 3H) the energy and angle of emission are extracted directly by Eq. 12 both for projectile and target fragmentation.

The reason of this choice is that, as it can be observed in Figures 3–5, the Gaussian and exponential distributions for these fragments are largely overlapping and they are not easily distinguishable. All other fragments are extracted from the Gaussian and the exponential distribution in case of projectile and target fragmentation respectively. For a hydrogen target (Figure 3 and Table 2), with the exception of 1H fragments, all the distributions have a predominant Gaussian component. This is because the target fragmentation can only produce a proton. The small exponential contribution can be explained as the cross-sections for the hydrogen target have been obtained by subtraction using the cross-sections of CH2 and C targets. The distribution fitted in the experimental angular range [4°; 43°] is used to perform an extrapolation to cover the full [0°;180°] range in the angular sampling.



Extrapolation to Different Beam Energies

The angle and energy distributions collected by the Ganil experiment correspond to fragments produced by a carbon beam of 95 MeV/u. To consider every possible energy of the projectile, a scaling model has been implemented.

When sampling the projectile fragmentation, the emission energy per nucleon of the i-th fragment is scaled according to the following equation:

 

where   is the energy per nucleon extracted from the Gaussian distribution of the Ganil experiment and Eproj is the energy per nucleon of the projectile. k is used to take into account that the fragments energy from the same event is correlated and that the total energy must not exceed the energy of the projectile:



where c is the correlation factor and R, for each i-th fragment, depends on the energy of the previous i-1 fragments:





Ej and Aj are the energy and the atomic number of the previous fragments in the current event.

For the results shown in this paper, the value implemented (c=0.4) was chosen in order to achieve the best agreement between FRED and FLUKA results.

With this linear dependence, the assumption that the average energy per nucleon of a projectile fragment is the same as that of the projectile itself is guaranteed. The sampling of the energy released to the target fragments is analogous to the one of the projectile but   is extracted from the exponential distribution without any correlation factors.

The scaling factor for the angle of emission (θ) of the projectile fragment, can be computed according to:

 

where   and   are the fragment momentum magnitude and transverse momentum respectively and θ is the angle of   with respect to projectile direction. As the angles of emission of projectile fragments are small, it is possible to write:



The fragment transverse momentum does not depend on the projectile energy. As a consequence, the dependence of the angle on the beam energy is only due to the denominator of Eq. 18:



where θ95MeV/u is the angle extracted from the Gaussian distribution of the Ganil experiment and   is the corresponding momentum.

At therapeutic energies,   and hence the equation becomes:

 

where E95MeV/u and E are the fragments kinetic energies of the Ganil experiment and of the fragments emitted for a generic beam energy. Using the fragments energy scaling factor (Eq. 13), the relation between an angle of emission θ produced by a projectile of energy Eproj and the angle of Ganil data,  , becomes

 

This scaling is not used for protons and neutrons since, checking the angular dependence with FLUKA, it has been observed that for those particles at the energies of interest for particle therapy applications the angle of emission is nearly energy-independent. The same scaling factor is also used for the angle of the target fragments.






3 Results

The nuclear models implemented in FRED were tested against the results obtained with a full-MC simulation performed using FLUKA. In particular, the longitudinal and lateral dose distribution obtained simulating the interactions of different beams with different targets have been compared in several configurations and projectiles. In this contribution, we report in detail the results obtained studying the carbon ions beam interactions with a water target and with a patient CT.


3.1 Single Pencil-Beam in Water

Figure 6 shows the depth-dose profiles obtained from a simulation performed using FRED, in which carbon ions with energies in the range of interest for PT applications (100-300 MeV/u) are interacting with a water target. The target dimensions are 10 cm × 10 cm × 40 cm (x × y × z) with a voxel size of 0.5 mm in all the directions. The incident beam in all the cases was directed along z.




Figure 6 | The absorbed dose integrated over the longitudinal axis for carbon ion beams in water at different energies. The absorbed dose per primary particle was obtained simulationg 108 primaries. Comparison between FRED (red continuous line) and FLUKA (blue dotted line) simulations, with the same scoring grid, and the same number of primaries is presented.



The same distributions have been obtained using a FLUKA simulation and the results have been compared. In particular, the curves shown in Figure 6 correspond to single pencil-beams of mono-energetic carbon ions.

The absorbed dose per primary is shown, from a simulation performed using 108 primary ions to minimize the statistical fluctuations. The profiles closely overlap and, in particular, the agreement of the absorbed dose at the peak between FRED and FLUKA simulations is very good. The relative difference between FRED and FLUKA predictions is always within 2.5% when computing the integral absorbed dose over the whole depth in the 100-300 MeV/u energy range, with the best agreement achieved at 100 MeV/u (relative difference = 0.05%).

The agreement between FRED and FLUKA, studied using the same scoring grid and the same number of primaries, is shown in Figure 7. A single pencil beam of 200 MeV/u has been simulated along the beam axis (longitudinal) and at the BP position (lateral).




Figure 7 | Absorbed dose in water for a 200 MeV/u carbon ion beam simulated with FRED (red continuous line) and FLUKA (blue dotted line) with the same scoring grid and the same number of primaries. On the left, it is possible to observe the absorbed dose integrated over the longitudinal axis (top) and central axis profile along beam axis (bottom). On the right, the lateral axis profile at 8.6 cm of depth in linear scale (top right) and logarithmic (bottom right) scale. This position is the one corresponding to the maximum value of the dose (BP) both in the FLUKA and the FRED simulations.



The position chosen for the BP corresponds to the maximum of the dose observed in FLUKA and FRED simulations. With the same scoring grid, the two simulations predict the BP in the same voxel. The lateral transverse profiles show, in linear and logarithmic scale, the tails of the distribution, mainly due to nuclear interactions. Observing the lateral and longitudinal profiles, we can conclude that the present implementation of multiple Coulomb scattering, of nuclear elastic scattering and the angular distribution of secondary fragments are capable of reproducing the main features of the dose distribution.



3.2 SOBP in Water

After having studied the dose released by a single pencil beam, the next step was to assess agreement also for a Spread-out Bragg Peak (SOBP) composed by pencil-beams of different energies.

This is a more interesting benchmark considering the purpose of the software. In particular, we have simulated a SOBP corresponding to a 5 cm cuboid starting at a depth of 10 cm with ~2 Gy of physical dose in the center. It has been simulated in a water phantom of dimensions 5 cm × 5 cm × 20 cm (x × y × z) and with a voxel size of 0.5 × 0.5 × 0.2 mm3 both with FLUKA and FRED. The incident beams were along z direction.

To obtain the cuboid, 31 energy layers from 219.0 to 277.5 MeV/u, with ~108 primaries per layer, have been simulated with a total of ~1.5 × 109 primary particles. In Figure 8, the longitudinal and lateral distribution of the SOBP are shown. The relative difference between the absorbed dose simulated by FRED and FLUKA is below 1.5%. The relative difference with respect to FLUKA predictions is within 0.2% of the total absorbed dose.




Figure 8 | Top: longitudinal (left) and lateral (right) integrated dose distributions for a SOBP in water. FRED (red continuous line) and FLUKA (blue dotted line) simulations are shown using the same scoring grid (voxel size: 0.5 × 0.5 × 0.2 mm3), and the same number of primary particles (108). Bottom: the corresponding γ- index distribution is shown. The γ-index 2mm/3% pass rate is 99.89%. The maximum value of the γ-index is 4.3, while the mean value is 0.21. The γ-index xy slice (left) shows the γ-index distribution at z = 13 cm, which is in the peak region of the SOBP, while the other slices (center and right) are centered in x (0 cm) and y (-1.5 cm).



The gamma-index test has also been performed to quantify the dose distributions agreement. In Figure 8, the γ-index test obtained comparing FLUKA and FRED is shown. The gamma-index is strongly dependent on the statistical uncertainty, inherent to MC, which may (artificially) improve the γ pass-rate. However, it has been observed that 107 primaries are enough to reduce the statistical uncertainty contribution to a negligible level.

As already observed in Figure 8, the dose deposited in FRED is slightly lower than the one predicted by FLUKA. However, the γ-index 2mm/3% pass-rate is 99.89% with a global cutoff of 5% of the maximum dose. This result is very good and demonstrates that FRED can be successfully used in the clinical practice.



3.3 Heterogeneous Materials

To validate the FRED simulation results in heterogeneous materials, we used an anthropomorphic phantom (Figure 9). We delivered the same SOBP used in the previous paragraph on a head-and-neck CT, using the same calibration curve to convert HU into the material density both in FRED and in FLUKA. The CT has a voxel size of 2 mm in each direction. The 2mm/3% gamma-index between FRED and FLUKA dose distributions is 99.89% with threshold of 5%.




Figure 9 | On the left the dose distribution on the XY slice at z = 12.80 cm is shown. On the center pictures, there is the dose distribution on the YZ slice centered in x. On the right, the longitudinal dose distribution on the ZX slice at z=-1.7cm is shown. The projection of the 2D figures is shown on the bottom figures. Comparison between FRED (figures on the top and blue line) and FLUKA (figures on the bottom and red line) simulations, with the same scoring grid (2 mm), and the same number of primary particles (106) is shown.






4 Performance on GPU

Once the good quality of the FRED simulation has been assessed performing a comparison with another state-of-the-art simulation software (FLUKA) the other important aspect that has to be quantified is the computation time. In Table 5, the time performances for different architectures are reported for the FLUKA and FRED simulations. Mono-energetic carbon beams interactions in water (target 20 cm × 20 cm × 20 cm with a 2 mm cubic voxels) were the subjects for the simulations.


Table 5 | Computing times for different hardware architectures simulating a monoenergetic carbon ion beam at 100 (top) and 300 (bottom) MeV/u in a water target (20 cm × 20 cm× 20 cm) with 2 mm cubic voxels.



As it can be observed, FRED is nearly 10 times faster than FLUKA when running on the same hardware (single CPU, Intel Xeon E5-2687W at 3,1 GHz) exploiting the simplification of the implemented physics models. The tracking rate decreases with increasing energy, as expected, since a carbon ion with more energy is subject to more interactions and its average path through the medium is longer.

As shown, running on GPU (NVIDIA Geforce RTX 3090) the gain in terms of time is about three orders of magnitude with respect to single CPU execution. No significant changes to the structure of the original GPU algorithm (27) were necessary, besides the implementation of the nuclear fragmentation model for carbon described in Section 2.1. Carbon fragmentation is a relatively rare event with respect to tracing step-by-step all charged particles in a simulation. As such, the impact on the tracking rate is mostly due to the number of complete particle histories that have to be simulated per primary carbon ion. On the same GPU card and with similar geometry and scoring conditions, the typical tracking rate for a proton beam is about 5 million primary/s. The performance observed in the case of carbon ions is affected by the increased number of particles that have to be simulated. In the therapeutic energy range, such number has already been evaluated, and hence our fragmentation model generates on average 2 to 4 charged fragments per primary carbon.



5 Conclusion

In this contribution, we have presented a fast-MC software capable of simulating, with clinical precision, particle therapy carbon ion treatments. The nuclear fragmentation model has been developed parametrizing existent data and applying energy and angle re-scaling to estimate fragments energies in the range where data are missing. The model was based directly on experimental data, in order to ease its update whenever new or updated results will be available from experiments. For example, data from the FOOT experiment (48, 49) focusing on the study of nuclear fragmentation, will be available soon. This is the main difference between FRED and the GPU MC goCMC that has been developed starting from Geant4. In addition, by comparing the results of FRED, obtained from data, with the full-MC FLUKA, already clinically validated, there is a double check on the accuracy of the implemented model.

Results obtained when comparing FRED with FLUKA are satisfactory, especially for low energies which are the most used in PT and, in particular, for head-and-neck tumors. The relative difference between the total dose in single pencil beams in FRED and FLUKA predictions is always within 2.5% in the 100-300 MeV/u energy range. Simulating a SOBP in water the relative difference of the dose distribution is within 1.4%. For both the SOBP in water and in heterogeneous material we obtained an almost 100% pass rate for 2mm/3% gamma-index.

Beside the successful implementation of the nuclear model, capable of clinical precision when computing the absorbed dose in particle therapy conditions, FRED also achieved an impressive improvement in computing time, with respect to conventional full MC software solutions. Exploiting the parallel programming power of GPU architectures, FRED is capable of tracking millions of primary particles per second on a single GPU card. The observed gain in processing time, when comparing to the FLUKA full MC, was nearly a factor ~2000, depending on the energy of the primary beam. Using FRED in combination with GPU hardware, it is possible to process a complete treatment plan within minutes instead of days, opening the way for the use of FRED, not only for protons, but also as quality assurance tool in carbon therapy especially for the head-and-neck tumors that require lower beam energy. Comparing the time performance of FRED with the GPU MC goCMC we observed consistent results. The next step will be to compare the accuracy of FRED dose recalculation against commissioning data and commercial TPS at CNAO in order to achieve a clinical validation for carbon therapy applications.
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Purpose

To explore the role of using Pencil Beam Scanning (PBS) proton beam therapy in single lesion brain stereotactic radiosurgery (SRS), we developed and validated a dosimetric in silico model to assist in the selection of an optimal treatment approach among the conventional Volumetric Modulated Arc Therapy (VMAT), Intensity Modulated Proton Therapy (IMPT) and Spot-scanning Proton Arc (SPArc).



Material and Methods

A patient’s head CT data set was used as an in silico model. A series of targets (volume range from 0.3 cc to 33.03 cc) were inserted in the deep central and peripheral region, simulating targets with different sizes and locations. Three planning groups: IMPT, VMAT, and SPArc were created for dosimetric comparison purposes and a decision tree was built based on this in silico model. Nine patients with single brain metastases were retrospectively selected for validation. Multiple dosimetric metrics were analyzed to assess the plan quality, such as dose Conformity Index (CI) (ratio of the target volume to 100% prescription isodose volume); R50 (ratio of 50% prescription isodose volume to the target volume); V12Gy (volume of brain tissue minus GTV receiving 12 Gy), and mean dose of the normal brain. Normal tissue complication probability (NTCP) of brain radionecrosis (RN) was calculated using the Lyman-Kutcher-Burman (LKB) model and total treatment delivery time was calculated. Six physicians from different institutions participated in the blind survey to evaluate the plan quality and rank their choices.



Results

The study showed that SPArc has a dosimetric advantage in the V12Gy and R50 with target volumes > 9.00 cc compared to VMAT and IMPT. A significant clinical benefit can be found in deep centrally located lesions larger than 20.00 cc using SPArc because of the superior dose conformity and mean dose reduction in healthy brain tissue. Nine retrospective clinical cases and the blind survey showed good agreement with the in silico dosimetric model and decision tree. Additionally, SPArc significantly reduced the treatment delivery time compared to VMAT (SPArc 184.46 ± 59.51s vs. VMAT: 1574.78 ± 213.65s).



Conclusion

The study demonstrated the feasibility of using Proton beam therapy for single brain metastasis patients utilizing the SPArc technique. At the current stage of technological development, VMAT remains the current standard modality of choice for single lesion brain SRS. The in silico dosimetric model and decision tree presented here could be used as a practical clinical decision tool to assist the selection of the optimal treatment modality among VMAT, IMPT, and SPArc in centers that have both photon and proton capabilities.





Keywords: single brain metastasis, stereotactic radiosurgery, spot-scanning, proton arc therapy, intensity modulated proton therapy, volumetric modulated arc therapy, brain radionecrosis



Introduction

Stereotactic Radiosurgery (SRS) is a non-invasive alternative treatment method for brain metastases (BM) (1, 2). It can be delivered through several modalities, such as Gamma Knife, Cyberknife, conventional radiotherapy linear accelerators (linac-based SRS), or passive-scattering proton beam therapy (3–5). Brain radionecrosis (RN) is one of the major side effects. It was reported that this long-term complication had been linked to V12Gy (the volume of healthy brain tissue irradiated with 12 Gy) of the brain tissue (6–8). Some studies suggested that keeping V12Gy below 8.5 cc could reduce the risk of brain RN (5, 7, 9). Current practice in many centers is to follow stepwise prescription schemes according to the size of the lesion, with generally lower doses for larger lesions (10–14). Importantly, local control is highly dependent on the prescribed dose and negatively associated with target volume in photon therapy due to the significant exit dose (5, 11–13). The ability to deliver ablative doses of radiation, particularly to patients with large brain tumors, is often limited by this constraint to spare an adequate volume of normal brain. For a target diameter of more than 3 cm, it has been recommended to use fractionated treatment other than single-fraction SRS to mitigate the radiation-induced toxicity (15, 16).

Proton beam therapy offers the potential clinical benefit to further spare healthy brain tissue by taking advantage of its unique physical characteristic, “Bragg Peak,” in which the rapid dose fall-off offers zero dose beyond the target’s distal edge. The pencil beam scanning (PBS) technique, which delivers the proton treatment via spot by spot and energy layer by layer, significantly improves the dose conformity at the proximal region compared to the passive-scattering technique (17, 18). Recently, such treatment methodology has been adopted by most of the new proton therapy centers (19). However, due to the large in-air spot size, the PBS technique has a much larger lateral penumbra than the passive-scattering technique or photon radiotherapy techniques such as IMRT or VMAT (20, 21). This critical physics parameter limits its clinical implementation in the single fractionation brain SRS where a sharp gradient dose fall-off is desired to protect adjacent healthy tissue or organs (22–24). To our best of knowledge, there is no report of using PBS for brain SRS to date. Thus, there is an immediate need to address this challenge and continue to develop the PBS technique to meet such clinical needs.

In 2016, Spot-scanning proton arc (SPArc) therapy was proposed by Ding et al. to improve the dosimetric plan quality of PBS while making the arc therapy efficient, robust, and compatible with the current PBS technique without major hardware modifications (25). This new concept has recently been integrated into an existing clinical system as the prototype proton arc machine (26). Previous studies have demonstrated its potential clinical benefits in the conventional treatment fraction for head and neck, brain, prostate, lung, spine, and breast cancer patients, compared to the IMPT (27–33). However, no studies have been conducted to exploit the potential dosimetric benefits and feasibility in brain SRS. We hypothesized that by taking advantage of the degree of freedom through arc(s) trajectory, SPArc might have the flexibility and the optimization freedom to balance the sharp distal fall-off and larger lateral penumbra to provide an optimal dosimetric plan quality and treatment solution for a single target brain SRS compared to the conventional VMAT and IMPT. We aimed to build a dosimetric prediction model through an in silico planning study with a variety of tumor sizes and locations compared among the SPArc, IMPT, and VMAT plans. The validation tests were then performed through clinical patient datasets previously treated by single-fraction (SSRT) and fractionated stereotactic radiotherapy (FSRT) and then followed by a blind survey of clinicians worldwide. To our best knowledge, this is the first comprehensive study to build an in silico dosimetric model to assist the clinical decision-making among three treatment modalities, including IMPT, VMAT, and SPArc for single BM SRS.



Methods And Materials


In Silico Brain SRS Dosimetric Model

A patient’s CT image and structure set were used as an in silico head phantom to develop a brain SRS dosimetric model to assist the optimal treatment modality selection. A spherical-shaped target, Gross Tumor Volume (GTV) (0.3 cc), was inserted in the deep central and peripheral region of the CT. The deep central targets are located at a depth of 5.65 cm from the brain surface and the peripheral region targets are located at a depth of 1.06 cm from the brain surface. The GTV was then expanded with a uniform margin every 2mm increments, corresponding to a different target volume (from 0.3 cc to 33.03 cc) (Figure 1). The target volume extending outside of the brain structure was excluded. Three treatment modalities IMPT, VMAT, and SPArc were generated in Raystation ver. 9A using the same planning robust optimization parameters (2mm setup and 3.5% range uncertainty for proton planning and 2mm setup uncertainty for VMAT planning). Each VMAT plan consisted of two coplanar and two non-coplanar arcs with 6MV photon. The coplanar arcs were rotated clockwise from 181°–179° and rotated counterclockwise from 179°–181°, two non-coplanar arcs were placed at couch angles of 45° and 315°. The SPArc plan consisted of one coplanar and two non-coplanar arcs. The couch positions and arc rotations of the two non-coplanar arcs were the same as those of VMAT, while the 3-field IMPT was delivered with two posterior oblique fields along with a vertex field (Gantry angle of 90 and couch angle of 270) (Table S1). Range shifter was used in the IMPT plan but not in the SPArc plan due to the sufficient degree of freedom. For SPArc, three arcs were used with a sampling frequency of 2.5° per control point. In other words, the SPArc plan consists of a total of 288 beam angles. Both SPArc and IMPT used the same physics beam model based on IBA ProteusONE® with an energy range from 70MeV to 227.7MeV. For more beam specific parameters, the study used RayStation’s default setting such as the automatic energy layer spacing and spot spacing for optimization in both the IMPT and SPArc planning groups (Figure S1). The prescription was 18 Gy (RBE) in 1 fx, with at least 96% of GTV receiving a full prescription dose in the worst-case scenario robustness evaluation. Multiple dosimetric metrics were analyzed to assess the plan quality, such as dose Conformity Index (CI) (ratio of the target volume to 100% prescription isodose volume); R50 (atio of 50% prescription isodose volume to the target volume); V12Gy (Volume of normal brain tissue irradiated with at least 12 Gy); and mean dose of the normal brain. The normal brain tissue was defined as brain tissue minus GTV.




Figure 1 | (A) Target’s locations and sizes (from 0.3cc to 33.03cc) in the brain SRS dosimetric model. Deep centrally located targets (a, b, c); Peripheral targets (d, e, f). (B) A representative transverse view of dose distributions among SPArc, IMPT, and VMAT on the 0.3cc target. Deep centrally located 0.3cc target (a) SPArc, (b) VMAT, (c) IMPT; Peripheral 0.3cc target (d) SPArc, (e) VMAT, (f) IMPT.





Clinical Validation Tests

To validate the in silico brain SRS model, nine patients with single brain metastasis previously treated by single or multi-fraction SRS at our institution were retrospectively included in the study. The target volumes and previous clinical prescribed doses (Gy) and fraction are detailed in Table 1 for each of the nine patients, in which two patients received fractionated brain SRS (FSRT) due to the size and location of the lesion. All CT-data sets with corresponding structure contours were transferred from gamma plan™ to Raystation 9A and replanned with IMPT, VMAT, and SPArc with prescription 18 Gy in one fraction. These nine cases were separated into two groups based on the location: four deep central and five peripheral located targets. The GTVs volume ranges from 1.66 cc–28.65 cc. The target CI, R50, mean dose of the brain, and V12Gy of the cases were analyzed and compared to the brain SRS dosimetric model (Table 2). We generated a brain SRS decision tree based on tumor size and location using the in silico model.


Table 1 | Target size and previous clinical prescription for the 9 patients included in this SRS study comparison.





Normal Tissue Complication Probability of Brain Necrosis

In this study, the normal brain was defined as the whole brain minus the GTV, and we evaluated the normal tissue complication probability (NTCP) of brain necrosis by using the Lyman-Kutcher-Burman (LKB) model (34) The single-fraction doses were converted to equivalent 2 Gy per fraction total doses using the linear-quadratic model assuming an α/β ratio of 2 Gy for normal tissue (35).





where TD50 is the tolerance dose for a 50% complication probability for uniform doses to the organ and m is a dimensionless parameter for determining the slope of the complication probability according to the dose curve. For the uniform dose D, we used the generalized equivalent uniform dose (gEUD), as shown in:



where Di is the dose for each bin in a differential dose–volume histogram (DVH), vi is the volume in a specific dose bin i, and N is the unequal fractional sub-volume. The ‘a’ value is a parameter equal to 1/n, in which n represents the volume dependence of the complication probability. We adopted the following parameters to evaluate the radiation-induced brain necrosis as an endpoint: TD50 = 60, m = 0.15, a = 4. In radiosurgery, the dose is delivered in a single fraction. The single-fraction doses were converted to equivalent 2 Gy per fraction total doses using the biologically effective dose (BED) formalism of the linear-quadratic model assuming an α/β ratio of 2 Gy for normal tissue and 10 Gy for tumor tissue [36]. The formula used to calculate EQD2 was:



with N = number of fractions, d = dose, α = linear coefficient reflecting cellular radiosensitivity, and β = quadratic coefficient reflecting cell repair mechanisms.



Tumor Control Probability and Dose De-Escalation Study

To explore the TCP and NTCP relationship in the challenge case (patient #7 and #9) in which single fraction might not be safe due to the risk of RN, a series of dose de-escalation plans were performed using VMAT and IMPT. The corresponding TCP was accessed based on the logistic model as following:



N is the total number of voxel in tumor, each voxel receiving a uniform dose. D50 denotes the dose to control 50% of tumors, and ɤ50 is the relative slope of the TCP curve at D50, which are 27.04 Gy and 0.75, respectively (36, 37).



Treatment Beam Delivery Time Calculation

The treatment delivery efficiency of the IMPT and SPArc plans was evaluated based on a proton system with gantry rotation max speed 6 deg/s, 2 ms spot switching time and ELST 0.7s (25). The VMAT plans times were simulated based on the Elekta Versa HD with a dose rate of 600 MU/min and 1,400 MU/min with flattening-filter-free (FFF) beams with 6X photon beams energy and gantry rotation max speed 6 deg/s.



Data and Statistical Analysis

Treatment plan metrics, NTCP, and treatment delivery time among IMPT, VMAT, and SPArc were compared with a paired, two-tailed nonparametric Wilcoxon signed-rank test using SPSS 21.0 software (International Business Machines, Armonk, New York). P values of less than 0.05 were considered statistically significant. All the tests were performed with VMAT as a reference.



Plan Evaluation and Survey Among the Physician Group

To test if the in silico model is able to provide useful clinical guidance in the selection of optimal treatment modality, the nine clinical cases from the retrospective study (described in the previous section) were sent to six physicians from different institutions worldwide. To avoid any preference or bias during the plan dosimetric evaluation, the name of each plan was masked as #a, #b, and #c as a blind survey. Only target coverage, CI & R50, mean dose of the brain, and V12Gy along with the 3D dose distribution were presented. Each physician ranked each plan from 1–3 (1: the most preferred choice; 2: the intermediate choice; 3: the least preferred choice) based on their clinical experience. To mitigate other factors that may impact the clinical decision other than dosimetric plan quality, all the physicians were informed that the patients’ diagnosis is single brain metastasis from an unknown primary tumor. The patients were in the mid 50s age range and expected to live five years after the treatment. A sample of the survey was included in the supplemental document. Then, the result of the blind plan evaluation survey was unmasked and analyzed.




Results


Brain SRS Dosimetric Comparison and Decision Tree

Figure 2 shows an example of SPArc, VMAT, and IMPT dose distributions for patients with deep central (A) and peripheral region (B). Each dosimetric metric, such as CI, R50, mean dose of the brain, and V12Gy was plotted as a function of the target size in the deep central (Figure 3) and peripheral regions (Figure 4). Compared to IMPT, VMAT showed its significant advantage in the CI and R50 in any target size less than 30cc in peripheral and deep central locations and V12Gy to the brain. Conversely, SPArc has an equivalent or better CI in any size of peripheral targets and the deep centrally located targets bigger than 9cc compared to VMAT. For the deep centrally located tumor smaller than 9cc, the VMAT plan still offered better dose CI and V12Gy. With the advantage of proton beam characteristics, both SPArc and IMPT significantly reduced brain mean dose by nearly 2-fold compared with VMAT. The SPArc plan would be favored in most cases except deep central located target (< 9 cc) where VMAT shows a slight improvement over SPArc in CI, R50, and V12Gy of the brain (Figure 5).




Figure 2 | Representative SPArc, VMAT, and IMPT dose distributions for patients with deep central (A) and peripheral region (B) tumors in transversal, coronal, and sagittal planes. The threshold of 18 Gy was used to display dose distributions (color wash overlay).






Figure 3 | Dosimetric metrics among three planning groups: SPArc, VMAT, and IMPT at deep central (A–D) of different target sizes. Dots, squares, and stars are the dosimetric metrics extracted from four clinical validation cases normalized to SPArc plan (Table 2).






Figure 4 | Dosimetric metrics among three planning groups: SPArc, VMAT, and IMPT at peripheral region (A–D) of different target sizes. Dots, squares, and stars are the dosimetric metrics extracted from five clinical validation cases normalized to SPArc plan (Table 2).






Figure 5 | Treatment decision tree and model to predict the optimal treatment modality based on tumor size and location. SPArc would be the optimal choice in most of the target size or location except deep centrally located target. This would be the physician’s clinical decision to favor the CI or brain mean dose sparing.





Clinical Validation Tests

The results showed good agreement between the in silico model and the clinical cases (GTV range: 1.66 - 28.65 cc). The SPArc plans spared a significant volume of the normal brain compared to VMAT plans in all five patients with tumors > 9cc at any location (1.83 ± 1.15 cc) (Figures 3, 4, and Table 2). Both the SPArc and IMPT planning groups reduced the mean brain dose delivered to all patients by 44.25% ± 5.70% (p < 0.01) and 38.44% ± 6.34% (p < 0.01) compared to the VMAT planning group. As predicted from the model, the VMAT plan offered slightly better V12Gy (3.55 cc) compared to SPArc (4.06 cc) for patient # 1 with tumor < 9cc at the deep central location. For the three patients with tumor < 9 cc in the peripheral region, the VMAT plan provided a comparable V12Gy compared to SPArc and IMPT. In terms of the delivery time (including irradiation time, gantry rotation, and couch rotation), the VMAT and VMAT (FFF) plans took much longer to deliver than any proton-based radiosurgery plan (Table 3). The mean treatment delivery time in the VMAT/VMAT(FFF) plans was 1574.78 ± 213.65 s and 940.89 ± 102.56 s compared with SPArc (260.29 ± 41.74 s) (p < 0.01) and IMPT (184.46 ± 59.51 s, p < 0.01).


Table 2 | Validation of optimal brain sparing modality based on tumor size and location for 9 patients.




Table 3 | Comparison of total delivery time per patient’s SRS plan.



NTCP of brain RN for each patient is listed in Table 4. All the NTCP of brain RN is clinically acceptable with 18Gy single fraction prescription doses (< 1%) except patients #7 and #9. More importantly, this study also found that the target location plays a critical part in the probability of brain RN as the peripheral target has much less EUD than the deep central located target in VMAT planning group. As a result, based on the VMAT technique, the NTCP of brain RN in patient #3 (peripheral target, volume 14.65 cc) and patient #8 (peripheral target, volume 24.70 cc) is 0.03% and 0.13%, respectively in comparison with patient #7 (deep central located target, volume 20.76 cc) 15.62% and patient #9 (deep central located target, volume 28.65 cc) 99.95%, respectively. In contrast, the probability of brain RN of patients #7 and #9 is 0.00% and 0.65% using the SPArc technique, indicating a superior dosimetric plan quality compared to the VMAT. Dose de-escalation for patients #7 and #9 was investigated from 1800cGy to 1000cGy (Table 5). The single fraction dose in VMAT had to be reduced to 1500cGy (#7) and 1000cGy (#9), respectively, in order to achieve an probability of RN (<1%).


Table 4 | Normal tissue complication probabilities (%) calculated using a LKB model based on the Burman et al. Tolerance data.




Table 5 | The TCP and NTCP for dose de-escalation in patient #7, and #9.



Lastly, to test if the decision tree would help select the optimal plan from a clinician’s point of view, six physicians from different institutions worldwide voluntarily participated in this blind study to evaluate the dosimetric plan quality and preference. The result showed good agreement compared to the decision tree, along with some interesting findings. All the physicians selected the SPArc plan (#c) as the optimal solution for the single lesion brain SRS, even though the VMAT plan of patients #1 and #2 offered a slightly better CI and R50 than SPArc due to the target location and sizes (Figure S2). The physicians preferred a better mean dose sparing to the healthy brain tissue when the plans’ CI and R50 are comparable but not significantly inferior (Figure S3).




Discussion

This study explored the dosimetric features of using the state-of-the-art proton beam therapy technique - IMPT and a new treatment modality - SPArc compared with the reference planning group, VMAT, in single lesion brain SRS. Since the clinical scenarios are very complicated because of the various size of targets and locations, additional time and resources are often needed to generate comparison plans for each patient to justify the benefit of using proton beam therapy. The brain SRS dosimetric model built in this study could assist the clinical decision among IMPT, VMAT, and SPArc techniques. It is also one major step forward since the publication of VMAT for brain SRS model reported by Atkins et al. in 2018 as proton beam therapy becomes more accessible (5). More interestingly, six out of six physicians from different institutions worldwide selected the SPArc plan over the VMAT plan in case #1, where small size targets (1.66 cc) were located in the deep central location, although the VMAT plan offered slightly better V12Gy (3.55 cc) compared SPArc (4.06 cc). In this situation, when the dose conformity is comparable and not significantly different, the physicians considered the mean dose sparing for normal brain as a factor in the selection of the treatment modality, even though the relationship of cognitive function impairment with low radiation dose to the normal brain tissue is still under investigation (38). In the supplemental document, eleven additional patients with single brain metastasis were retrospectively included in the study. The target volumes, previous clinical prescribed doses (Gy), dosimetric metrics, and delivery time were summarized in Tables S2, S3, S4, and Figures S4, S5. The results also showed good agreement between the in silico brain SRS model and clinical cases.

Our study shows that the dosimetric metrics are critical when using the SPArc technique because a sharp dose fall-off and high dose sparing of the healthy brain tissue are clinically desired in brain SRS. In addition to the dosimetric metrics index comparison, the probability of brain RN was estimated based on the NTCP model. The radiation-induced brain necrosis was less than 1% in the majority of patients except patient #7 (15.26% with target volume 20.76 cc (D = 3.4cm)) and #9 (99.95% with target volume 28.65 cc (D =3.8 cm)) in VMAT planning group. The finding was consistent with the inverse relationship between the SRS dose and treatment volume and location with regard to the incidence of brain RN (35, 39, 40). It is worth noting that SPArc could reduce the risk of brain necrosis to less than 1% for all the patients with prescription dose 18 Gy in 1 fraction in these challenging situations, which indicated its potential clinical role in the management of a single brain lesion with large volume.

There are few reports on the brain SRS using the IMPT technique due to the large lateral penumbra. In 2014 and 2015, Hyer at al. and Wang et al. (41–43) discussed the limitation of using IMPT for peripheral single-target brain SRS compared to the VMAT. Thus, they introduced the aperture concept in PBS to sharpen the lateral penumbra. Our findings agreed with theirs, motivating us to investigate SPArc as the new treatment modality for this disease site. The results also indicated that a lower prescription is needed to mitigate such risk using IMPT or VMAT technique for single fractionated brain SRS (40). However, dose de-escalation will compromise the target local control, accessed based on the logistic tumor control probability (TCP) model and the Poission TCP model (36, 44, 45). The results suggest that TCP would have been significantly compromised in order to achieve a similar risk of brain RN as a SPArc plan (Table 5). More specifically, for patient #9, the single fraction dose in VMAT and IMPT had to be reduced to 10 Gy and 14 Gy, respectively, in order to achieve less than 1% of brain RN. This prescription dose level represents 60.58% and 87.97% TCP via VMAT and IMPT plan, respectively.

The use of range shifters (RS) in treating superficial targets sometimes complicates the clinical workflow e.g., clearance check with patient body and move in/out the range shifter. Additionally, it also introduces secondary proton scattering from the RS itself, which increases spot size when entering the patient’s body resulting in an inferior treatment plan quality due to the larger lateral penumbra. This study demonstrated that SPArc does not need to use RS even for the peripheral target while providing a superior dosimetric plan quality, simplifying the clinical workflow with a practically achievable treatment delivery time compared to the current standard-of-care IMPT.

The results from this study showed that the VMAT/VMAT(FFF) has, in general, the longer treatment delivery time compared to the SPArc treatment technique. Three-field IMPT shows its efficiency in the treatment delivery for single lesion brain SRS at the cost of treatment plan quality compared to SPArc. However, it is important to mention that the estimated treatment delivery time listed in Table 2 only includes beam-on and gantry rotational times. The beam request time and treatment field loading time from Oncology Information System (OIS), e.g., ARIA or MOSIAQ to the proton delivery system, were not taken into account. In other words, additional time might be needed in the multi-field clinical IMPT workflow. This is one of the motivations why the proton treatment technique is moving towards the arc approach which not only has the potential to improve the plan quality but also simplify the clinical treatment workflow. Furthermore, it has been reported that the ELST could achieve 0.2 s in a cyclotron accelerator energy selection system (46). Such ELST technique and engineering advancements would result in a more efficient SPArc treatment in future clinical implementation.

This study explored the feasibility of utilizing SPArc for single brain metastases treatment. However, please note that such a novel technique is currently in the research and development stage, requiring the upgrades of the existing proton therapy systems, introducing new hardware and software, and incorporating the concept into the commercial treatment planning system. As a result, it may take years of technical and engineering development in order to implement it into routine clinical practice. Besides the SPArc technique, other existing technologies could be an option in brain radiosurgery, such as dynamic collimator system (41) and passive scattering with a unique patient immobilization system (47). Many of these technological limitations are advancing and the manufacturing time for patient devices (apertures and compensators) can be minimized to generate a plan efficiently. Boczkowskiet et al. determined the optimal plan parameters (define the aperture with a tight margin of 0.5mm and use of compensators to better shape distally) on a single metastatic lesion by comparing the proton SRS and photon VMAT SRS treatment plans (48, 49). Righetto et al. investigated the influence of spot spacing, apertures, and the margin from the CTV on the plan quality in treating neuromas and meningiomas (50). Recently, Atkins et al. reported the retrospective study of 370 patients treated using passive-scattering system. The local control rate and toxicity were found comparable to the conventional photon technique (5). It would be interesting to compare these two merging techniques, SPArc and aperture-based IMPT, to further explore the dosimetric plan quality, especially in the target conformity, low dose sparing, and treatment delivery efficiency. With all of the ongoing developments, it is optimistic that proton beam therapy will become a growing treatment option for brain SRS.

Several points require further discussion. First, we acknowledge that the SPArc for brain tumors is not performed in routine clinical practice; however, our study was designed as a proof-of-principle to determine clinical scenarios in which protons may have the chance to offer superior brain sparing compared to the conventional VMAT. To achieve this, we attempted to equilibrate as many treatment planning variables as possible between the three modalities. Second, the model did not include the brainstem in the consideration, so it may not be suitable for the clinical situation where the target is inside or abutting the brainstem.

In summary, this study validated the brain SRS dosimetric model using nine clinical cases and a blind survey. For the cancer centers equipped with both photon and proton treatment facilities, this model-based decision tree provides a practical tool as a priori knowledge in selecting IMPT, VMAT, or SPArc without generating a comparable plan, which has the potential to reduce the planning workload and improve clinical workflow efficiency.



Conclusions

At the current stage of technological development, VMAT holds the dosimetric advantage in the single brain lesion SRS over IMPT. With the new technology, SPArc showed its potential clinical advantage to offer lower dose to the brain tissue over VMAT with an equivalent or higher CI in the peripheral brain lesion and deep centrally located lesion larger than 9 cc. The brain SRS dosimetric model developed in this study could be used as a future reference tool to assist the clinical decision in selecting the optimal treatment modality for the patient.
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Characteristics Dgge = 59.2 Gy Dree = 60.8 Gy Dree = 62.4 Gy Dree = 64.0 Gy Dree = 65.6 Gy Total

Patient number 43 (36.4%) 10 (8.5%) 9 (7.6%) 25 (21.2%) 31 (26.3%) 118(100%)
BED (o/B = 1.5 Gy) 205.2 Gy 214.8 Gy 224.6 Gy 237.4 Gy 2449 Gy NA
Age (year)
Median (range) 69 (50-84) 73 (69-79) 68 (62-74) 72 (47-86) 73 (50-86) 71 (46-86)
T stage
T 4 (9.3%) 0 (0%) 0 (0%) 0 (0%) 1(3.2%) 5 (4.2%)
T2 32 (74.4%) 8 (80.0%) 8 (88.9%) 22 (88.0%) 24 (77.4%) 94 (79.7%)
T3 5 (11.6%) 2 (20.0%) 1(11.1%) 3(12.0%) 6 (19.4%) 17 (14.4%)
T4 2 (4.7%) 0(0%) 0(0%) 00%) 0(0%) 2(1.7%)
Initial PSA (ng/ml)
<10 13 (30.2%) 5 (50.0%) 4 (44.4%) 10 (40.0%) 13 (41.9%) 45 (38.1%)
>10 and <20 16 (37.2%) 2 (20.0%) 2 (22.2%) 11 (44.0%) 11 (35.5%) 42 (35.6%)
>20 14 (32.6%) 3(30.0%) 3(33.3%) 4(16.0%) 7 (22.6%) 31 (26.3%)
Gleason Score
6 13 (30.2%) 3(30.0%) 2 (22.2%) 4(16.0%) 10 (29.1%) 32 (27.1%)
7 19 (44.2%) 3 (30.0%) 4 (44.4%) 8(32.0%) 12 (40.0%) 46 (39.0%)
>8 11 (25.6%) 4 (40.0%) 3 (33.3%) 18 (52.0%) 9 (30.9%) 40 (33.9%)
Risk (NCCN)
Low 4 (9.3%) 0 (0%) 1(11.1%) 1(4.0%) 3(9.7%) 9 (7.6%)
Intermediate 14 (32.6%) 4 (40.0%) 3(33.3%) 10 (40.0%) 14 (45.2%) 45 (38.1%)
High/Very High 25 (58.1%) 6 (60.0%) 5 (55.6%) 14 (56.0%) 14 (45.2%) 64 (54.2%)
Complications
Diabetes mellitus 7 (16.3%) 0(0%) 1(11.1%) 7 (28.0%) 4(12.9%) 19 (16.1%)
Internal use of anticoagulanti 6 (14.0%) 0 (0%) 0 (0%) 3(12.0%) 4 (12.9%) 13 (11.0%)
TURP 4 (9.3%) 1(10%) 0 (0%) 2(8.0%) 3(9.7%) 10 (8.5%)

BED, biological equivalent dose; RBE, relative biological effectiveness; Drge, RBE weighted dose; PSA, prostate-specific antigen; NCCN, National Comprehensive Cancer Network; TURP,
transurethral resection of the prostate; Na, not applicable.
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CTV, clinical target volume; LR, low risk; HR, high risk; LG, lacrimal glands; PS, paranasal sinuses; PG, parotid glands.

*Cancer staging according to the Union for International Cancer Control (UICC) TNM Classification of Malignant Tumors (8th Edition).
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Structures Planning goals

CTVs All CTVs D95% > 95%
D98% = 90%
HR-CTV D2% < 103%
OARs Brainstem D1% < 40 Gy(RBE)
Optic pathways D1% < 45 Gy(RBE)
D20% < 37 Gy(RBE)
Temporal and frontal lobes D2cc < 54 Gy(RBE)

Note. CTV, clinical target volume; HR, high risk; OAR, organ at risk; D%, dose to % of the
volume of interest.
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LEM SEQ
SIBss .4
SIBago

mMKM SEQ
SiBsa.a
SBsgo

HR-CTV LR-CTV
D98% D50% D2% HI Cl D98% D50% D2% HI Cl
[%] [%] [%] [%] [%] [%]
972+21 1000+0.0 101.5+08 004+003 1.38+023 1000+15 1503+ 11.9 1663 +84  0.66+0.08 1.56+0.13
96223 1000+0.0 101.7+06 005+003 1.06+0.07 91.2+33 106.0=x+5.7 120.7+10 030x0.03 1.19x0.13
954 +22 1000+0.0 1020+05 007+003 099+0.04 922+23 111.9x10.6 136.6+1.6 0.44x002 1.33x0.12
98.7+22 1066+18 1176+47 019+006 1.78+036 1054 +28 153.8+20.9 1913+ 112 086+0.11 1.50+0.16
97.7+25 1062+17 1164+27 019+004 139x019 91.5+45 1188=x11.9 1494 +38 0.58+005 1.39x0.13
969+21 1066+17 1169+22 020+003 1.27+0.15 90.0+3.5 1228=x19.9 1752+43 085+005 1.47+0.11

The values were normalized to the corresponding prescriptions. Statistically significant differences between the SEQ and SIB approaches are shown in bold (p-values are statistically
significant after Bonferroni correction of five tests, p < 0.01).
CTV, clinical target volume; HR, high risk; LR, low risk; D%, dose to % of the CTV; HI, homogeneity index; Cl, conformity index; LEM, local effect model; mMKM, modified microdosimetric
kinetic model: SEQ, sequential boost; SIB, simultaneous integrated boost.
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LEM SEQ
SIBsss
SBss.o

mMKM SEQ
SIBss.4
SBas.o

BED (D98%)

[Gy(RBE)]

148.4 £ 5.3
146.1 £5.1
144.1 5.1
119.0 + 4.1
171 +46
1157 + 3.8

HR-CTV

BED (D50%)

[Gy(RBE)]

186.3 £ 0.0
155.3 + 0.0
1863 £0.0
1340+ 3.4
133.2+33
1340+ 3.4

BED (D2%)
[Gy(RBE)]

158.9 + 2.1
159.4 + 1.4
160.2+ 1.3
166.3 + 10.0
153.7 £ 5.5
164.7 £ 4.5

BED (D98%)
[Gy(RBE)]

87.6+55
1009 + 5.5
85.0 £ 3.1
711 +£48
68.4 + 4.8
526 2.8

LR-CTV

BED (D50%)
[Gy(RBE)]

135.6 £ 11.0
127.1 £ 10.2
114.4 + 16.9
1124 £ 14.2
100.8 = 16.3
83.1 £22.0

BED (D2%)
[Gy(RBE)]

156.8 + 1.3
1656.5 +2.1
155.1£2.9
1625+ 6.3
1427+ 5.6
141.0+ 53

Statistically significant differences between the SEQ and SIB approaches are shown in bold (p-values are statistically significant after Bonferroni correction of three tests, p < 0.017).
CTV, clinical target volume; HR, high risk; LR, low risk; LEM, local effect model; mMKM, modified microdosimetric kinetic model; SEQ, sequential boost; SIB, simultaneous integrated

boost.





OPS/images/fonc.2021.772580/M3.jpg
BED,, ::d( A
gp=nd( 1+ 0 e





OPS/images/fonc.2021.772580/M4.jpg
“
EQD2y)p =






OPS/images/fonc.2022.780784/fonc-12-780784-g006.jpg
D [Gy]

le—4
1.2

1.0 4

o o o
s o [¢4]
B FR 1

B T S TR SR NN SR SN SN S S S

o
N

0.0
0.0

100 MeV/u

200 MeV/u

— FRED

---- FLUKA

300 MeV/u

17.5 20.0





OPS/images/fonc.2022.780784/fonc-12-780784-g005.jpg
o]

100 200 300
E[MeV/u]

s— 30

Para -

.l........‘iA;.. ...........

300 400
E[MeV/u]





OPS/images/fonc.2022.780784/fonc-12-780784-g004.jpg
E[MeV/u

200 300
E{MeV/u]

0.016
0.012 5
0.008
0.004
200 3 400
E[MeV/u]
200 300 40 100 300 400
E{MeV/u] E[MeV/

40 0.04
2. 30 0.03
20 ! 0.02
10 0.01
A NETUTTT T
200 300 40

E[MeV/u]






OPS/images/fonc.2022.780784/fonc-12-780784-g003.jpg
100

300 400

200
E[MeV/u]

300

200
E[MeV/ul

1 LT

300 400 100

100 200 200 300
E[MeV/u] E[MeV/u]
40 40 ~ 102
£ 30} £ 30;& 102
20 _NWF 20\
10 10\ v
M IPEPIPEP EPUPEPETS IFUNPEPE EPEPEPEP PPN :-g_l M e S I n S IR n = L
100 200 300 400 100 200 300 400
E[MeV/u] E[MeV/u
0.03 ‘
@I 40° @ 102
002 530
N 10
0.01 20
10 = 104
B






OPS/images/fonc.2022.780784/fonc-12-780784-g002.jpg
A Fit
[ ] ICRU DATA

0 50 100 150 200 250
E [MeV/u]





OPS/images/fonc.2022.780784/fonc-12-780784-g001.jpg
+ o(C-Ca)
> o(C-C)
# 0o(C-0)

® Takechi (2009)
© Kox(1985)

© Kox (1984)

e Zhang (2002)

[ o(C-H)

N o A 00
R s
tHRiaas

S e
TSRS R






OPS/images/fonc.2022.780784/crossmark.jpg
©

2

i

|





OPS/images/fonc.2022.826414/table4.jpg
Parameter

Voxel-dose-based opt.

gEUD-based opt.

Drmin
Drmax

Drmean

Cl

gEUD (a =1)
NTCP

Drmax

GEUD (a = 1)
NTCP

Drmax

GEUD (a = 20)

Drmax

GEUD (a = 20)

Drmax

gEUD (a = 20)

Drmax

gEUD (a = 20)

Dmax
GEUD (a = 20)
Dmax

Cl = volume 95% isodose / volume VOI.

gEUD, generalized equivalent uniform dose; OAR, organ at risk: NTCP, normal tissue complication probability; VVOI, volume of interest.

Target
252 Gy
3.17 Gy
3.00 Gy
1.24
Right parotid
0.82 Gy
11.10%
251Gy
Left parotid
0.98 Gy
16.92%
1.37 Gy
Brainstem
1.89 Gy
2.53 Gy
Spinal cord
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Left optic nerve
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Total dose Dgge = 59.2-60.8 Gy (n = 53) Dgge = 62.4-65.6 Gy (n = 65) P value
Toxicity (grade) 0 1 2 >3 0 1 2 >3
GU
Max toxicity 40 (75.5%) 8 (15.1%) 5(9.4%) 0 (0%) 8 (58.5%) 10 (15.4%) 17 (26.2%) 0(0%) 0.059
Urinary frequency 43 (81.1%) 5(9.4%) 5(9.4%) 0 (0%) 1 (63.1%) 9 (13.8%) 16 (23.1%) 0 (0%) 0.081
Urinary urgency 47 (88.7%) 3(6.7%) 3 (6.7%) 0(0%) 57 (87.7%) 2 (3.1%) 6(9.2%) 0 (0%) 0.622
Urinary tract pain 52 (98.1%) 1.(1.9%) 0(0%) 0(0%) 62 (95.4%) 1(1.5%) 2(3.1%) 0(0%) 0.433
Hematuria 51 (96.2%) 2 (3.8%) 0(0%) 0(0%) 1 (93.8%) 3 (4.6%) 1 (1.5%) 0(0%) 0.644
Urinary retention 52 (98.1%) 0(0%) 1(1.9%) 0(0%) 0 (92.3%) 3 (4.6%) 2(3.1%) 0(0%) 0.258
Gl
Max toxicity 52 (98.1%) 1(1.9%) 0 (0%) 0 (0%) 63 (96.4%) 2 (3.6%) 0 (0%) 0(0%) 0.683
Hematochezia 52 (98.1%) 1(1.9%) 0(0%) (0%) 64 (98.2%) 1(1.8%) 0 (0%) 0 (0%) 0.884
Diarrhea 53 (100%) 0 (0%) 0(0%) 0 (0%) 64 (98.2%) 1(1.8%) 0 (0%) 0 (0%) 0.364

GU, genitourinary; Gl, gastrointestinal.
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Variable Univariate Cox regression Multivariate Cox regression

OR (95% CI) p-value OR (95% CI) p-value
Age 1.001 (0.956-1.047) 0.976 1.003 (0.952-1.056) 0.925
Diabetes mellitus 1.531 (0.509-4.605) 0.448 3.703 (0.881-15.564) 0.074
Internal use of anticoagulant 0.559 (0.174-1.790) 0.327 0.370 (0.077-1.775) 0.214
TURP 2171 (0.439-10.745) 0.342 1.871 (0.275-12.730) 0.522
CTV volume 1.016 (1.004-1.029) 0.011 1.016 (1.001-1.031) 0.031
Bladder volume 1.005 (0.997-1.013) 0.212 1.002 (0.992-1.013) 0.673
Bladder Dmax 1.106 (0.985-1.240) 0.090 1.038 (0.919-1.173) 0.549
Bladder V30 1.022 (0.983-1.063) 0.275 0.878 (0.463-1.664) 0.690
Bladder V40 1.030 (0.982-1.080) 0.224 1.031 (0.319-3.336) 0.959
Bladder V50 1.045 (0.982-1.111) 0.164 1.700 (0.489-5.912) 0.404
Bladder V55 1.059 (0.985-1.138) 0.122 0.503 (0.167-1.513) 0.221
Bladder V60 1.092 (1.004-1.187) 0.040 1.311 (0.443-3.881) 0.624
Bladder V61 1.106 (1.006-1.215) 0.038 1.193 (0.147-9.673) 0.869
Bladder V62 1.129 (1.009-1.264) 0.034 0.701 (0.135-3.647) 0.672
Bladder V63 1.178 (1.019-1.362) 0.027 1.432 (0.642-3.192) 0.380
Bladder V65 1.227 (0.908-1.658) 0.182 0.762 (0.442-1.313) 0.328

DVH, dose-volume histograms; GU, genitourinary.
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Dose regimens Number of patients Number of patients (%) with GU toxicity grade p-value Number of patients (%) with Gl toxi

ity grade p-value

0 1 2 >3 [} 1 2 23
Drge = 59.2-60.8Gy 53 52 (98.1%) 1(1.9%) 0 (0%) 0(0%) 0.158 53 (100%) 0 (0%) 0 (0%) 0(0%) NA
Drge = 62.4-65.6Cy 65 59 (90.8%) 46.2%) 2(B1%) 0(0%) 65 (100%) 0 (0%) 0 (0%) 0 (0%)
Total 118 111(94.1%) 5(4.2%) 2(1.7%) 0(0%) 118 (100%) 0 (0%) 0 (0%) 0 (0%)

GU, genitourinary; G, gastrointestinal, NA, not applicable.
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100 MeV/u

MC Hardware Primary/s ps/primary
FLUKA single CPU core 0.7 k 1400
FRED single CPU core 4.2k 240
FRED single GPU card 2000 k 0.5
300 MeV/u

MC Hardware Primary/s ps/primary
FLUKA single CPU core 0.3k 3000
FRED single CPU core 3k 300
FRED single GPU card 2500 k 0.4

We used a motherboard with Intel Xeon E5-2687W CPU at 3,1 GHz to test the CPU performances, while we used a NVIDIA Geforce RTX 3090 for the GPU.
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Frag. Ay Az <E> 3 <6> 2 o [

n 3.0x10" 1.3x102 9.3x10 3.7x10 0.0 1.0x10 1.3x102 2.4x10°
"H 3.0x10™ 1.3x10% 9.3x10 3.7x10 0.0 1.0x10 1.3x102 2.4x10°
?H 3.0x107 6.3x10 8.2x10 26x10 0.0 9.2 2.6x102 3.0x107
°H 2.6x10" 2.8x10 7.3x10 1.8x10 0.0 7.9 3.2x102 5.6x1072
*He 1.5x107" 4.2x10 9.1x10 2.9x10 0.0 7.3 2.9x10 4.3x107
‘He 8.3x102 2.1x10% 8.3x10 1.5x10 0.0 53 2.9x102 7.8x10°
*He 8.1x102 1.1x10 7.9x10 1.7x10 0.0 55 2.9x102 1.4x10"
°Li 7.9x102 1.5x10 8.4x10 1.4x10 0.0 45 2.8x102 1.0x10"
Li 6.3x102 1.4x10 7.9x10 1.3x10 0.0 4.4 3.1x102 1.1x10"
"Be 3.9x102 1.3x10 8.3x10 1.6x10 0.0 43 2.7x102 1.1x10"
"Be 3.1x102 6.0 8.3x10 1.2x10 0.0 39 2.7x10? 1.8x10"
"°Be 5.5x102 32 8.2x10 8.8 0.0 37 2.4x102 2.4x107"
°8 2.2x10 241 8.9x10 1.7x10 0.0 4.1 2.9x10 1.4x10"
o8 7.7x10 1.9x10 8.4x10 9.3 0.0 33 2.6x10 1.7x10"
"B 8.0x10 3.1x10 8.5x10 74 0.0 29 2.1x102 2.5x10"
°c 8.8x10 35 8.8x10 9.2 0.0 3.2 2.3x10 2.0x107"
o 3.4x10° 3.0x10 8.6x10 74 0.0 2.8 2.0x102 2.3x10"
2c 3.4x10° 6.2x10 8.7x10 47 0.0 24 1.7x102 3.0x107"

Parameters relative to the energy, E, are expressed in MeV/u while the one of the angle, 8, in degrees.
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Parameters relative to the energy, E, are expressed in MeV/u while the one of the angle, 8, in degrees.
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V-DOSE Subgroup ORN (%) p-value

V10 <8.6 0 <0.001
>8.6 324

V20 <6.5 0 <0.001
2565 324

V30 <4.4 0 <0.001
>4.4 324

V40 <29 0 <0.001
229 324

V50 <1.0 0 0.001
>1.0 314

V60 <06 0 0.001
>0.6 314

Teeth in PTV Yes 36.7 <0.001
No 0

Teeth within the PTV were considered a risk factor for analysis.
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Clinical Factors

Subgroup ORN rate N (%) p-value
Age <57 8(24.2) 0.089
>57 3(8.8)
Sex Male 5(15.6) 0.867
Female 6(17.1)
Diabetes Yes 1(16.7) 0.986
No 10 (16.4)
Autoimmune Disease Yes 0(0) 0.525
No 11 (16.9)
Hypertension Yes 2(10.5) 0413
No 9(18.8)
Tumor Characteristics Subgroup ORN rate (%) p-value
Tumor Site Sinonasal 7 (29.2) 0.035
Others 4(9.3)
T Stage T 00 0.303
T2-T4 11.(17.7)
Surgery Before CIRT Yes 6 (14,0) 0.466
No 5(20.8)
Residual Tumor Disease (Pre CIRT MRI) Yes 5(16.7) 0.588
No 1(7.7)
Toxicity After CIRT Subgroup ORN rate (%) p-value
Acute Mucositis G1-G4 1(22.4) 0.028
Go 0(0)
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Parameters relative to the energy, E, are expressed in MeV/u while the one of the angle, 6, in degrees.
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Clinical factors Subgroup N (%)
Age <57 33 (49.9)
>57 34 (50.7)
Sex Male 32 (47.8)
Female 35 (52.2)
Diabetes Yes 6(9.0)
No 61 (91.0)
Autoimmune disease Yes 2(3.0)
No 65 (97.0)
Hypertension Yes 19 (28.4)
No 48 (71.6)
Tumor characteristics Subgroup N (%)
Tumor Site Sinonasal 24 (35.8)
Others 43 (64.2)
T Stage T 5(7.5)
T2 15 (22.4)
T3 6(9.0)
T4 41 (61.2)
N Stage NO 62 (92.5)
N1 2(3.0)
N2 3(4.5)
M Stage No 61(91.0
Lungs 5(7.5)
Liver 1(1.5)
Surgery before CIRT Yes 43 (64.2)
No 24 (35.8)
Margins status at surgical report RX 8(11.9)
R1 31 (46.9)
R2 4(6.0)
No Surgery 24 (35.8)
Residual tumor disease (Pre CIRT MRI) Yes 30 (44.8)
No 37 (55.2)
Toxicity after CIRT Subgroup N (%)
Maximum acute toxicity during Follow Up GO 0(0.0)
G1 17 (25.4)
G2 37 (56.2)
G3 13 (19.4)
Acute mucositis Yes (G1-G4) 49 (73.1)
No (GO) 18 (26.9)
Maxillary ORN Yes 1(16.4)
No 56 (83.6)
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n (%)

Number of patients 21 (100)
Sex

Male 16 (76)

Female 5 (24)
Age at radiotherapy (median in years, range) 0 (48-83)
Localization of initial pancreatic cancer

Pancreatic head 13 62)

Pancreatic body 7 (33)

Pancreatic tail 1 )
Initial AUCC* stage

B 1 )

T 17 (81)

v 3 (14)
Prior chemotherapy

FOLFIRINOX® 10 (48)

FOLFIRINOX®, followed by gemcitabine + nab-paclitaxel 4 (19)

None 7 (33)
Time in months: prior chemotherapy (median, range) 5(1-10)
Prior surgery

Whipple procedure (R2 resection) 1 )

None (apart from biopsy) 20 (95)
Histology

Ductal adenocarcinoma 18 (86)

unknown 3 (14)
Secondary resection 1 )

*AJCC, American Joint Committee on Cancer.

°FOLFIRINOX, chemotherapy regimen consisting of folinic acid, fluorouracil, irinotecan,

and oxaliplatin.
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n (%)

Radiotherapy 21 (100)
Time in months: diagnosis to radiotherapy (median, 8 (2-13)
range)
Pre-radiotherapy AJCC* stage

[l 19 1)

[\ 2 9)
Radiation technique

Carbon ions, active raster-scanning 21 (100)
Prescribed dose

48 Gy (RBE) in 12 fractions 21 (100)
Concurrent chemotherapy

Gemcitabine 300 mg/m? body surface weekly 3 (14)

None 18 (86)
Patient position

Supine 15 (71)

Prone 6 (29)
Volume in ccm (median, range)

GTV (Gross tumor volume) 43.6 (13.0-129.7)

CTV (Clinical target volume) 128.4 (26.1-323.3)

ITV (Internal target volume) 183.4 (48.3-583.5)

PTV (Planning target volume) 303.2 (96.7-812.0)
Number of radiation beams

2 21 (100)
o/ B-ratio used in local effect model (LEM) |

2 Gy 3 (14)

5Gy 18 (86)

*AJCC, American Joint Committee on Cancer.
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X y z u v w
>tmm  41(27.3)"  50(33.3) 40(26.7) >1° 2(1.3) 4(2.7) 3(2.0)
>2mm 1(0.7) 10(6.7) 8(5.3) >2° 00.0) 000) 00.0)
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>5mm 0(0.0) 0(0.0) 0(0.0) >5°  0(0.0) 00.00 0(0.0)

*Data in parentheses are percentages.
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Characteristics No. of patients

Age
Median (Range) 48 (21-83)
Weight (kg)
Median (Range) 61 (49-105)
Height (cm)
Median (Range) 168 (146-177)
Gender
Male 9
Female 6
KPS
100 7
90 8
Disease (Tumor Site)
Nasopharyngeal carcinoma (NPC) (Nasopharyngeal) 8
Meningioma (Cerebellopontine Angle) 1
Adenoid cystic carcinoma (Maxillary sinus) 1
Squamous cell carcinoma (External auditory canal) 1
Adipose-derived tumor (Orbit) 1
Osteosarcoma (Orbit) 1
Atypical carcinoid tumor (Slope) 1
Chordoma (Skull base) 1
No. of fractions treated with 6DTC
5* 9
8 1
10 1
20 3
27 1
No. of beams per plan
2 14
3 1

*For these nine patients, the prescriptions were 56 Gy(RBE) delivered by either protons or
X rays in 28 fractions using a lying posture plus 17.5Gy(RBE) by carbon ions in five
fractions using a sitting posture.
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Patient

#7

#9

Probability

TCP(%)
NTCP(%)
TCP(%)
NTCP(%)

1800cGy/1F 1500cGy/1F 1400cGy/1F 1000cGy/1F
VMAT IMPT SPArc VMAT IMPT VMAT IMPT VMAT IMPT
97.45 96.00 97.29 93.96 90.72 91.77 87.50 69.95 59.30
15.26 0.1 0.00 0.85 0.00 0.25 0.00 0.00 0.00
96.20 96.18 97.08 91.17 91.09 88.09 87.97 60.58 60.20
99.95 39.61 0.63 80.33 2.82 54.42 0.81 0.60 0.00
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Patient Tumor location Tumor volume (cc) Normal tissue complication probabilities (%)

VMAT IMPT SPArc
1 deep central region 1.66 0.00 0.00 0.00
2 peripheral region 3.53 0.00 0.00 0.00
3 peripheral region 14.65 0.03 0.00 0.00
4 peripheral region 413 0.00 0.00 0.00
5 peripheral region 8.34 0.26 0.04 0.00
6 deep central region 11.04 0.23 0.01 0.00
7 deep central region 20.76 15.26 0.1 0.00
8 peripheral region 24.70 0.13 0.00 0.00
9 deep central region 28.65 99.95 39.61 0.63

Average 12.87 + 33.04 442 +13.20 0.07 £+ 0.21
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Delivery time (Patient#) VMAT (600 MU/min, s) VMAT [1-5] (FFF, 1400 MU/min, s) IMPT (s) SPArc (s)
1 1635 808 85 207

2 1340 851 128 240

3 1516 972 206 288

4 1369 807 141 217

5 1946 1012 193 251

6 1809 1034 172 238

7 1631 1034 214 259

8 1605 1061 275 313

9 1322 889 244 328
Average 1574.78 + 213.65 940.89 + 102.56 184.46 + 59.51 260.29 + 41.74
P = <0.01* <0.01* <0.01*

*P < 0.05 while comparing the VMAT plan with other two plans.
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Patient Tumor

location

1 deep
central

2 peripheral
region

3 peripheral
region

4 peripheral
region

5 peripheral
region

6 deep
central

7 deep
central

8 peripheral
region

9 deep
central

CI, Conformity Index; (Ratio of the target volume to 100% Prescription isodose volume).

Tumor
volume
(cc)

1.66

353

14.65

413

8.34

11.04

20.76

247

28.65

cl RS0 Vizy(brain) (cc) Mean dose(brain) (cGy)
VMAT IMPT SPArc VMAT Relativeto IMPT Relative to SPArc VMAT Relative to IMPT Relativeto SPArc VMAT Relativeto IMPT Relativeto SPArc

SPArc SPArc SPArc SPArc SPArc SPArc

(model) (model) (model) (model) (model) (model)
100 099 1.00 5.09 897 9.15 16.12 534 3.55 7.10 743 14.87 406 77.00 122.97 50.00 79.85 37.00
100 083 100 475 521 907 994 511 621 863 1323 1838 681 81.00 8762 4100 4435 5300
098 093 1.00 3.20 381 4.05 4.82 262 1262 2271 16.61 29.89 10.38 148.00 199.87 68.00 91.83 81.00
096 094 100 407 477 747 840 431 657 946 1220 17.57 707 7900 10058 4400 5602  48.00
100 100 100 463 412 684 609 429 1742 1356 8277 2551 1837 16100 17233 10400 111.32 7900
099 098 1.00 3.60 4.00 4.84 5.37 317 1311 14.46 2147 23.34 12.56 167.00 208.53 102.00 127.37 93.00
097 094 100 293 820 353 396 244 2100 1975 8104 2019 1860 22600 28962 127.00 16275  120.00
099 099 1.00 7 | 285 3.48 3.66 248 1578 23.96 23.28 35.35 15.05 180.00 227.05 101.00 127.40 110.00
100 083 100 290 308 803 322 239 27.99 2525 37.02 3340 2476 34300 33078 22000 22685  194.00

RS0, (Ratio of 50% Prescription isodose volume to the target volurme)
V12Gy, (Volume of brain tissue minus GTV receiving12 Gy).

Relative to SPArc (modsl), (Ratio of SPArc plan between the model and case) x fabsokite dosimetric metrics).
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Bladder Rectum

Planning Treatment Wilcoxon test Planning Treatment Wilcoxon test
median (IQR) median (IQR) p-value median (IQR) median (IQR) p-value
Volume cm® apex 146.3 (62.3) 143.5 (116.6) 0.924 46.5 (14.6) 40.8 (18.8) 0.125
DVH metrics V16 Gy(RBE) [%] 14.1 (6.5) 12.6 (10.0) 0.659 4(1.1) 8(2.8) 0.165
V15 Gy(RBE) [%] 17.5 (9.0 16.1 (11.8) 0.654 1.9 (7.4) 8(9.1) 0.336
V10 Gy(RBE) [%] 26.8 (10.9) 27.1(16.0 0.724 28.7 (11.5) 26 5(14.2) 0.463
V5 Gy(RBE) [%] 35.2 (13.8) 33.9 (20.8) 0.774 36.2 (11.4) 35.2 (19.1) 0.592
PTV
Planning Treatment Wilcoxon test
median (IQR) median (IQR) p-value
Volume cm® apex 104.8 (26.7) 985 (23.9) 0.45
DVH metrics D98% [%] 96.5 (1.9) 95.6 (3.0) 0.148
D95% [%] 98.6 (0.9) 98.2 (2.4) 0.354
D50% [%] 99.8 (0.3) 99.8 (0.3) 0.595
D2% [%] 100.6 (0.3) 100.6 (0.3) 0.699
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Molecular actor

BNIP3 BCL2/adenovirus E1B 19 kDa protine-
interacting protein 3

Brachyury

CD133/

CD44

HIF1a Hypoxia-inducible factor 1-alpha

HSP27 Heat Shock Protein 27

MAP1LC3B Microtubule-associated proteins 1A/1B light
chain 3B
Snail Zinc finger protein SNAI1

Roles in ACC radioresistance

Apoptotic Bel-2 protein. Intervenes in autophagosome formation; can induce autophagic cell death.

Transcription factor. Represses expression of adhesion molecules which promotes epithelial mesenchymal
transition (EMT)
CD133: Surface glycoproteine. Marker of cancer stem cells.

CD44: Surface glycoprotein. Intervenes in cellular interactions and cell adhesion

Transcription factor (subunit) responsive to oxygen level. Induces cell proliferation and survival
Chaperone protein. Has an anti-apoptotic role and a cytoprotection function under stress conditions;
modulates reactive oxygen species

Ubiquitin-like protein. Selects substrate for autophagic degradation

Transcription factor. Represses expression of adhesion molecules which promotes EMT
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Indication Study

Schulz-
Ertner
et al. (66)

Head and neck
(diverse sites)

Mizoe
etal. (64)

Sulaiman
etal. (65)

lkawa
etal. (67)

Abe et al.
(©68)

Nasopharynx

Akbaba
etal. (69)

Akbaba
etal. (70)

Paranasal
sinuses

Hagiwara
etal. (71)

Koto et al.
(72)

Tongue

Parotid Koto et al.

(73)
Lacrimal gland Hayashi
etal. (74)

Akbaba
etal. (75)

Akbaba
etal. (76)

Larynx

Chen
etal. (77)

Tracheobronchial
tree

Hogerle
etal. (78)

Bernhardit
etal. (79)

Bartholin’s gland

Jensen
etal. (80)

Reirradiation

(Head and neck,

diverse sites)
Held et al.
1)

Hayashi
etal. (82)

Vischioni
etal. (83)

Year

2004

2011

2017

2019

2018

2019

2019

2020

2016

2017

2018

2019

2018

2021

2019

2018

2015

2019

2019

2020

Center

Heidelberg

NIRS

NIRS,
Hyogo,
Gunma,
HIMAT
NIRS

NIRS,
Hyogo,
Gunma,
HIMAT
Heidelberg

Heidelberg

NIRS

NIRS

NIRS

NIRS

Heidelberg

Heidelberg

Shanghai

Heidelberg

Heidelberg

Heidelberg

Heidelberg

NIRS

CNAO

Type

Retrospective

Phase Il

Retrospective

Retrospective

Retrospective

Retrospective

Retrospective

Retrospective

Retrospective

Retrospective

Retrospective

Retrospective

Retrospective

Retrospective

Retrospective

Retrospective

Retrospective

Retrospective

Retrospective

Retrospective

Number

21 ACC
(out of
152
tumors)
69 ACC
(out of
236
tumors)
289 ACC

34 ACC
(out of 74
tumors)

43 ACC

59 ACC

227 ACC

22 ACC

18 ACC

16 ACC

16 ACC
(out of 33
tumors)
18 ACC
(out of 24
tumors)

8 ACC
(out of 15
tumors)
18 ACC

7 ACC
treated
with CIRT
(out of 38
ACC)
1ACC

48 ACC

124 ACC
(out of
229
tumors)

17 ACC
(out of 48
tumors)

38 ACC
(out of 51
tumors)

CIRT
fractionation

18 Gy(RBE) CIRT
boost + 54 Gy
photon RT.

57.6-64 Gy(RBE)/
16 fr

57.6-64 Gy(RBE)/
16 fr

57.6-64 Gy(RBE)/
16 fr

57.6-64 Gy(RBE)/
16 fr

18-24Gy(RBE)
CIRT boost + 50-
56 Gy photon RT.

15-18Gy(RBE)
CIRT boost + 48-
56 Gy photon RT.

57.6-64 Gy(RBE)/
16 fr

57.6-64 Gy(RBE)/
16 fr

57.6-64 Gy(RBE)/
16 fr

57.6-64 Gy(RBE)/
16 fr

18-24Gy(RBE)
CIRT boost + 50-
54 Gy photon RT.
18-24Gy(RBE)
CIRT boost + 50-
54 Gy photon RT.
66-72.6 Gy(RBE)/
22-23 fr

24Gy(RBE) CIRT
boost + 50-54 Gy
photon RT (n=4).
60-63 Gy(RBE)
(n=2)

24Gy(RBE) CIRT
boost + 50 Gy
photon RT

51 [36-74] Gy
(RBE)

51 [30-66] Gy
(RBE)

54 [40-64] Gy
(RBE)

60 [45-68.8] Gy
(RBE)

Efficacy Grade >3
toxicity
3-year LRC: Acute: 2 pts. Late:
62%. 0 pt (10%). (ACC
3-year OS: cohort)
75%.
5-year LC: Acute: 39 pts.
73%. (56%). Late: 4 pts
5-year OS: (6%).
68%.
5-year LC: Acute: 92 pts
68%. (32%). Late: 48 pts
5-year OS: (17%).
74%.
5-year LC: Acute: 43 pts.
75.2%. (68%). Late: 22 pts
5-year OS: (30%) (10 G3
65.7%. osteonecrosis).
(Whole cohort)
2-year LC: Acute: 14 pts
88%. (33%). Late: 9 pts
2-year OS: (21%).
84%.
5-year LC: Acute: 7 pts (12%).
49%. Late: 4 pt (7%).
5-year OS:
69%.
3-year LRC: Acute: 88 pts.
79% (primary) - (39%). Late: 26 pts
82% (11%).
(postoperative).
3-year OS:
64% (primay) -
79%
(postoperative).
5-year LC: Acute: O pts. Late:
51%. 5-year 9 pts (41%).
0OS: 62.7%.
5-year LC: Acute: 10 pts
92%. 5-year (56%). Late: 3 pts
OS: 72%. (16.7%).
5-year LC: Acute: 1 pt (6%).
74.5%. 5-year  Late: 8 pts (50%).
0S: 70.1%.
5-year LC: Acute: O pt. Late:
62%. 5-year 22 pts (67%).
OS: 65%. (Whole cohort)
5-year LC: Acute: 3 pts (13%).
90%. 5-year Late: 2 pt (8%).
0OS: 94%. (Whole cohort)
3-year LRC: Acute: 4 pts (27%).
100%. 3-year Late: O pt. (Whole
0S: 100%. cohort)
2-year LC: Acute: O pt. Late:
100%. 2-year 1 pt (6%).
0S: 100%.
1-year LC: Acute: 1 pt (14%).
100%. 1-year  Late: O pt. (CIRT
0OS: 100%. cohort)
NA (%)
1-year LC: Acute: O pt. Late:
70.3%. 1-year 8 pt (6.5%). (Whole
0OS: 81.8%. cohort)
1-year LC: Acute: 7 pt. Late:
60%. 1-year 18 pt. (Whole
0S: 72%. cohort)
2-year LC: Acute: 4 pt. Late:
40.5%. 2-year 25 pt. (Whole
08S: 59.6%. cohort)
2-year PFS: Acute: 2 pt (3.9%).
52.2%. 2-year  Late: 3 pt (17.5%).
0OS: 64%. (Whole cohort)

Grade 4-5 toxicity (detail)

@ (ACC cohort)

4 G4 blindness (late).

2 G5 hemorrhage, 9 G4
blindnesses, 1 G4 brain
necrosis(late).

3 G4 blindness (late).
(Whole cohort)

2 G5 pharyngeal
hemorrhage, 1 G4
blindness (late).

Q

6 G4 blindness, 1 G4 brain
necrosis (late).

(0]

1 G4 blindess (late).

12 G4 blindness, 2 G4
brain necrosis (late). (Whole
cohort)

(9]

1 G4 tracheal stenosis
(late).

1 G4 stomatitis (acute).

2 G4 carotid artery
haemorrhage (late).

2 G4 laryngeal edema
(acute). 2 G4 blindness, 1
brain necrosis, 1 vascular
hemorrhage (late). (Whole
cohort)

1 G5 brain necrosis, 9 G4
blindness, 1 G4 brain
necrosis, 1 G4 infection, 1
G4 arterial injury (late).
(Whole cohort)

9]

G, grade; LC, local control: LRC, locoregional control: OS, overall survival: PFS, progression-free survival: pts, patients.
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ACC adverse characteristics Molecular determinants Biological rationale of CIRT

Tumor antigenicity Low TMB /' tumor immunogenicity
Immunosurveillance escape /' PD-L2 and HLA-G expression /' ICAM1

\ ICAM-1 expression
Immunotolerant \ CD1a and CD83 infiltrate / DC
microenvironment \. MDSC and M2 macrophage infiltrate \. M2 and MDSC

T-cell exclusion phenotype /' proinflamattory cytokines

/ CD8, + NK

Hypoxia / HIF1a expression low OER

VEGFA-mediated vascular mimicry \ tumorigenesis and angiogenesis
Stemness ./ HSP27 expression Anti-tumor response on radioresistant tumor cell lines

/' Brachyury expression
VEGF A, Nodal, Lefty, Oct-4, Pac6, Rex1, Nanog

Autophagy ATGS, 4A, 5, PIK3R4, MAP1LC3B
Perineural invasion BNDF/TrkB; CCLR/CCR5; NGF/TrkA \\ migration, invasion, adhesion
\ cell mobility
\\ integrin expression
Tumoral heterogeneity Biphasic tumor: ductal and myoepithelial components Anti-tumor response + independent on tumoral
Molecular heterogeneity within/between primary tumors and metastatic heterogeneity
disease

The rationale to use CIRT for ACC management is based on immunological, molecular, and pathological considerations, despite the fact that no in vitro or preclinical study have specifically
evaluated CIRT irradiation on ACC celllines; CD, cluster of differentiation; DC, dendritic cell; HIF1a, hypoxia-inducible factor 1a; ICAM-1, intercellular adhesion molecule 1; MDSC, myeloid-
derived suppressor cell: NK, natural killer cell: OER, oxygen enhancement ratio; TMB, tumor mutational burden; VEGF, vascular-endothelial growth factor.
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Plan 135

Vol Voxel-dose-based opt.
Target Dpre =3.00 Gy, wr=1

Spinal cord Dpnax = 1.50 Gy, woar =1

Plan 335

Vol Voxel-dose-based opt.
Target Dpro =3.00 Gy, wr=1

Right parotid Dpnax = 2.25 Gy, Woar = 1
Brainstem Dpnax = 2.25 Gy, Woar = 1
Spinal cord Dpnax = 1.80 Gy, Woar = 1
Right optic nerve Dppax = 1.50 Gy, woar = 1
Left optic nerve Dpax = 1.50 Gy, woar = 1
Chiasm Dpnax = 1.50 Gy, woar = 1

VOI, volume of interest; geUD, generalized equivalent uniform dose.

gEUD-based opt.
Dpre =3.00 Gy, wr=1
gEUD, = 1.30 Gy, a = 20, Woar = 25

gEUD-based opt.

Dpre =3.00 Gy, wr=1

9EUD, =0.50 Gy, a = 1, Wour = 20
gEUDo = 1.90 Gy, a = 20, Woar = 20
GEUDy = 1.40 Gy, a = 20, woar = 20
gEUD, = 0.20 Gy, @ = 20, Woag = 20
gEUD, = 1.30 Gy, a = 20, Woar = 20
9EUD, = 1.10 Gy, a = 20, woag = 20
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1, gEUD™"(N) < gEUDS™
0, gEUD™(R) 2 gEUDG™
1, GEUDS(N) > gEUDE™
0, gEUD™(N)) < gEUDR™
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Parameter

Drmin
Drmax

Drmean

Cl

gEUD (a =1)
NTCP

Drmax

GEUD (a = 20)

Drmax

GEUD (a = 20)
Dmax

9EUD (a = 20)

Drmax

GEUD (a = 20)

Drmax

GEUD (a = 20)
Dmax

Voxel-dose-based opt.

Target
252 Gy
3.17 Gy
3.00 Gy
1.24
Right parotid
0.82 Gy
11.09%
251 Gy
Brainstem
1.89 Gy
2.53 Gy
Spinal cord
1.40 Gy
1.89 Gy
Right optic nerve
0.22 Gy
0.29 Gy
Left optic nerve
1.29 Gy
1.53 Gy
Chiasm
1.08 Gy
1.44 Gy

gEUD-based opt.

2.16 Gy

339Gy

3.00 Gy
1.27

0.50 Gy
4.37%
2.80 Gy

1.93 Gy
262Gy

1.40 Gy
1.93 Gy

0.19 Gy
0.25 Gy

1.30 Gy
1.60 Gy

1.04 Gy
1.39 Gy

Cl = volume 95% isodose / volume VOI.
gEUD, generalized equivalent uniform dose; OAR, organ at risk: NTCP, normal tissue complication probability; VOI, volume of interest.





OPS/images/fonc.2021.712126/fonc-11-712126-g004.jpg
mmm

o

v
I

Foa 2.0
aae H «o
oa s @

aoa 5 aa
@ a aflea o
axa 5 ®
T § 5§ % % %
- o s aw
oan H
o H
@ 5 aa
" affe ee @
o g
FR] ERl T T T
. S o i





OPS/images/fonc.2022.826414/table2.jpg
Parameter

Voxel-dose-based opt.

gEUD-based opt.

Drmin
Drmax

Drmean

Cl

gEUD (a = 20)

Drmax

Target
2.20 Gy
3.24 Gy
3.00 Gy
1.25
Spinal cord
1.37 Gy
1.92 Gy

217 Gy

3.24 Gy

3.00 Gy
1.25

1.35 Gy
1.83 Gy

Cl = volume 95% isodose / volume VOI.

gEUD, generalized equivalent uniform dose; OAR, organ at risk; VVOI, volume of interest.
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Symptoms (NCI CTCAE grades) Before RT*  During RT*  After RT*
n (%) n (%) n (%)

Abdominal pain

| 5 (24) 5 (24) 3(14)

1 5 (24) 4(19) 2(9)
Gastric hemorrhage

I 0 0 1(5)
Diarrhea

| 2(9) 3(14) 1(®)
Ascites

Il 0 0 1(5)

il 0 1(5) 1(5)
Nausea

| 2(9 6 (29) 1(5)

1 1(5) 4 (19) 3(14)
Dermatitis

| 0 2(9) 0
Fatigue

| 0 2(9) 1(5)

Il 0 0 2(9)
No complaints 10 (48) 7 (33) 6 (29)

*RT, radiotherapy.
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