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Purpose

This work aims to study the dose and ultra-high-dose rate characteristics of transmission proton pencil beam scanning (PBS) FLASH radiotherapy (RT) for hypofractionation liver cancer based on the parameters of a commercially available proton system operating under FLASH mode.



Methods and Materials

An in-house treatment planning software (TPS) was developed to perform intensity-modulated proton therapy (IMPT) FLASH-RT planning. Single-energy transmission proton PBS plans of 4.5 Gy × 15 fractions were optimized for seven consecutive hepatocellular carcinoma patients, using 2 and 5 fields combined with 1) the minimum MU/spot chosen between 100 and 400, and minimum spot time (MST) of 2 ms, and 2) the minimum MU/spot of 100, and MST of 0.5 ms, based upon considerations in target uniformities, OAR dose constraints, and OAR FLASH dose rate coverage. Then, the 3D average dose rate distribution was calculated. The dose metrics for the mean dose of Liver-GTV and other major OARs were characterized to evaluate the dose quality for the different combinations of field numbers and minimum spot times compared to that of conventional IMPT plans. Dose rate quality was evaluated using 40 Gy/s volume coverage (V40Gy/s).



Results

All plans achieved favorable and comparable target uniformities, and target uniformity improved as the number of fields increased. For OARs, no significant dose differences were observed between plans of different field numbers and the same MST. For plans using shorter MST and the same field numbers, better sparing was generally observed in most OARs and was statistically significant for the chest wall. However, the FLASH dose rate coverage V40Gy/s was increased by 20% for 2-field plans compared to 5-field plans in most OARs with 2-ms MST, which was less evident in the 0.5-ms cases. For 2-field plans, dose metrics and V40Gy/s of select OARs have large variations due to the beam angle selection and variable distances to the targets. The transmission plans generally yielded inferior dosimetric quality to the conventional IMPT plans.



Conclusion

This is the first attempt to assess liver FLASH treatment planning and demonstrates that it is challenging for hypofractionation with smaller fractional doses (4.5 Gy/fraction). Using fewer fields can allow higher minimum MU/spot, resulting in higher OAR FLASH dose rate coverages while achieving similar plan quality compared to plans with more fields. Shorter MST can result in better plan quality and comparable or even better FLASH dose rate coverage.
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Introduction

FLASH radiotherapy (RT), characterized by an ultra-high-dose rate of >40 Gy/s as reported previously, has shown superior normal tissue protection and effective tumor control in many pioneering in vivo studies based on mice (1–5), minipig, cats (6), zebrafish (7), and first human treatment for a cutaneous lymphoma (8). While most of the abovementioned FLASH studies were based on electron beams (9), there have also been several investigations using photon beams (10) and increasingly using proton beams (11–17). The state-of-the-art proton beam delivery technique, pencil beam scanning (PBS), can precisely position each proton beamlet using scanning magnets, thereby providing outstanding target conformity and organ-at-risk (OAR) sparing. Moreover, proton beams are better able to treat tumors of all depths compared to electron beams. Furthermore, achieving high beam current from existing proton beam sources is much less challenging than photon beams. These features all make proton beams an attractive option for FLASH-RT (18).

In proton FLASH-RT, transmission proton beams have been the most favorable choice of delivery owing to the sufficiently high beam current achievable with existing clinical systems. Recent efforts have reported combining transmission proton PBS with FLASH-RT, to translate the technology from bench to preclinic experiments, in aspects including proton systems (11–15), treatment planning (18–23), and biological investigations (24, 25). Proton PBS FLASH treatment planning plays a crucial role just as conventional treatment planning, but it faces new and unique challenges as the dose rate considerations must be included when evaluating the plan quality. For proton PBS, currently, there is no widely accepted method to quantify the dose rate, despite multiple definitions proposed by different groups (19, 21, 22). There are several hypotheses, including oxygen depletion (26–29), immune response (30), and peroxyl radical recombination (31), that have been proposed to explain the FLASH sparing effect. Another important aspect for practical PBS FLASH treatment planning comes from the existing machine parameters (19, 32, 33), such as beam current, magnet scanning speed, and minimum monitor unit (MU) of a spot. These parameters may prevent OARs from reaching the FLASH dose rate coverage threshold during treatment planning. Zou et al. (33) discussed machine delivery limitations on phantom studies using an IBA proton system (Ion Beam Applications, Walloon Brabant, Belgium), but how such limitations affect the practical plan quality remains to be elucidated. Kang et al. studied the impact of minimum nozzle beam current on the plan quality and OAR FLASH coverage using the ProBeam system (Varian Medical Systems, Palo Alto, CA, USA), suggesting that the dose rate coverage will increase with the nozzle beam current and decrease with the field size (22).

Currently, several treatment planning studies have applied proton PBS FLASH beams to the head and neck (H&N) (19, 20, 34) and lung cancers (18, 22, 23, 35), with theoretical proton delivery parameters. van de Water et al. (19) discussed the feasibility of achieving transmission FLASH with existing and theoretical machine settings, especially the beam current, with the dose rate quantified using the dose-averaged dose rate (DADR). van Marlen et al. (18) applied transmission FLASH planning in lung and compared the plan quality to conventional non-FLASH plans using intensity-modulated proton therapy (IMPT). The liver is another promising treatment site suitable for hypofractionation and stereotactic body radiation therapy (SBRT) (36, 37) that potentially can benefit from the FLASH-RT sparing effect (38). Despite the existing H&N and lung studies showing promising treatment planning outcomes with transmission beams, FLASH-RT planning for the liver using hypofractionation has not been reported. The practical planning considerations such as dose, fractionation, and dose and dose rate constraints in OARs may bring additional challenges, especially when the fractionation dose is small and OAR dose constraints are strict. Also, how treatment planning strategies such as beam number and angles affect the plan quality, including FLASH dose rate coverage and other relevant technical parameters such as beam current and minimum MU/spot, has not yet been well defined (39). Such strategies, when used optimally, may improve the dose and dose rate quality suitable for FLASH-RT.

This work investigates liver-hypofractionated FLASH treatment planning with proton PBS transmission beams under practical and realistic planning settings. An inverse planning algorithm and a dose rate modeling were implemented using an in-house treatment planning system (TPS) to perform all transmission beam planning cases. The influence on the plan quality from the different number of fields and minimum spot time was evaluated using both dose and dose rate metrics. The dosimetric differences between conventional IMPT and transmission beams were also studied.



Methods and Materials


Dose Rate Modeling and Calculations

An in-house TPS, based on the matRad framework (40), was developed for inverse planning using transmission beams. The cyclotron beam current is variable in the Varian ProBeam system for different energy layers and automatically determined by the minimum MU per spot in the energy layer. Thus, an energy layer’s minimum MU/spot determines the deliverable dose rate (22). A single energy proton beam of 240 MeV was configurated in TPS. In a Varian ProBeam system, 1 MU corresponds to around 5.17 × 106 protons for a 240-MeV beam (41). Denoting the minimum MU as MUmin, beam current as Ibeam, minimum spot time (MST) as Tmin, and number of protons per MU as NMU, we will have the following relation in Eq. 1.



Given a beam current of 165 nA, if the minimum spot time is 2 ms, the system delivers 2.07 × 109 protons, approximately 400 MU, and for 0.5 ms, the delivered MU is 100. The linear relationships between the beam current and delivered minimum MU for the given MST are indicated in Figure 1A. An example of a spot map with 8-mm spot spacing is shown in Figure 1B with the minimum MU of 100 and MST of 0.5 ms. With the linkage between MU/spot and delivery time, we will be able to quantify the dose rate using the average dose rate (ADR), proposed by Folkerts et al. (21), where the dose rate is averaged over time for a given region of interest (ROI) in a scanning field. We used a 10-mm/ms scanning speed in the dose rate calculation.




Figure 1 | (A) Relationship between minimum MU and beam current for 2- and 0.5-ms MST. (B) A spot map with a minimum 100 MU/spot and 8-mm spot spacing. (C) Dose accumulation of the corresponding spot map in (B) over time. (D) Example of dose accumulation over time plot for one voxel inside a field. (E) The 2D dose rate map for the spot map is shown in (B). (F) The dose rate volume histogram (DRVH) for the calculated dose rate map in (E). Note the dashed line indicates the 40-Gy/s FLASH threshold.



The corresponding 2D dose accumulation changes with time are shown in Figure 1C. The dose accumulation plot of one voxel in the dose map is shown in Figure 1D, where the way the average dose rate is calculated is also indicated as the quotient between the defined accumulated dose and time duration. Then, the corresponding 2D dose rate map is shown in Figure 1E, where the dose rate distribution is scanning direction-dependent for a zigzag PBS pattern. Note that most voxels have a dose rate greater than 40 Gy/s, but still, some are below this threshold, especially in between the columns of the spots, which is reflected in the dose rate volume histogram (DRVH) as shown in Figure 1F.



Hypofractionated FLASH Liver Treatment Planning

This study was conducted under institutional review board (IRB) approval. A cohort of 7 consecutive hepatocellular carcinoma patients previously treated with proton SBRT was replanned with single-energy transmission FLASH planning. All the transmission beams for the 7 cases were designed to ensure they were able to shoot through without the Bragg peaks being stopped inside the patients. The proton SBRT plans were optimized using either multiple-field optimization (MFO) or single-field optimization (SFO) with multiple energy layers, which deliver conformal doses to the target. A typical proton SBRT plan dose distribution is shown in Figure 2I as a reference for the FLASH transmission plans. The SBRT plan quality data were compared with the transmission plans to investigate the dosimetric characteristics of the FLASH plan.




Figure 2 | One example of the dose distribution for a single fraction: (A) 5 fields—2 ms MST, (B) 5 fields—0.5 ms, (C) 2 fields—2 ms, and (D) 2 fields—0.5 ms liver transmission plans, overlaid the CT images. The dose rate distribution for a single fraction: (E) 5 fields—2 ms MST, (F) 5 fields—0.5 ms, (G) 2 fields—2 ms, and (H) 2 fields—0.5 ms liver transmission plans, overlaid the CT images. (I) The 2D dose distribution of the SBRT plan for the same patient.



All the dose was converted to relative biological effectiveness (RBE) dose using an RBE ratio of 1.1. The plans were prescribed to 67.5 Gy in 15 fractions. The internal clinical target volume (iCTV) was generated on an averaged CT by the union of CTVs on the corresponding 10-phase images of a 4D CT (42–44). The iCTV volumes ranged from 9.2 to 169.2 cm3 with a median value of 78.2 cm3. The beam angles in both 5-field and 2-field cases were chosen to ensure uniform target coverage while ensuring that OAR dose constraints could result in acceptable levels per the NRG Oncology GI003 protocol dose constraints (45). The machine and parameters for the different plan types are summarized in Table 1. For both 5 and 2 fields at 2 ms, the minimum MU/spot has to be adjusted ≤400, which corresponds to a beam current ≤165 nA to increase the target uniformity and meet OAR dose constraints. However, when the minimum spot time is reduced to 0.5 ms, all plans can use a much smaller minimum MU/spot of 100, equivalent to a beam current of 165 nA, to achieve good plan quality.


Table 1 | Summary of machine and planning parameters for the investigated proton plans.



To evaluate the plan quality, we computed the NRG GI003 dose metrics from dose–volume histograms for different OARs after normalizing the 100% prescription dose to cover at least 95% of the target volume. As the distances between the target and OARs varied in the 7 cases, we chose to report the OARs that are most frequently irradiated, including liver-GTV, esophagus, spinal cord, stomach, kidney, chest wall, and heart. The RT structures and dose rate metrics studied and reported in this work are summarized in Table 2.


Table 2 | Summary of dose metrics of the different number of fields and MST combinations for all 7 liver cancer patients compared to the conventional IMPT plans.



The 3D dose rate of each field in the treatment plans was computed, then DRVHs for iCTV and each OAR were calculated to evaluate the FLASH dose rate of 40 Gy/s coverage. When using multiple fields to deliver FLASH treatment plans, the time spent between fields is much longer than each field time that is not included for dose rate calculation (22). Moreover, the voxels having non-zero doses of each field in a plan are included for calculating the DRVH. We introduce the metric of V40Gy/s, i.e., the percent volume covered by FLASH dose rate (>40 Gy/s), as the variable of merit. The dose and dose rate relationships were also studied for target and OARs. Six dose regions with 13.5-Gy dose intervals from 0 to 81 Gy were defined to quantitatively evaluate the dose rate statistical distribution vs. OAR doses.




Results


Dose Evaluation of the Liver Transmission Plans

Figures 2A–D show an example of dose distributions of the 5-field and 2-field plans with 2 and 0.5 ms. It is evident that more fields distribute lower doses to larger body volumes, resulting in less target dose per field on average than plans using fewer fields. Although fewer fields are commonly associated with a higher exit normal tissue dose, the flexibility in angular arrangement makes it easier to spare particular OARs, such as the stomach and left kidney, in the representative case depicted in Figures 2C, D. As shown in Figures 2B, C, more fields and shorter MST appear superior to fewer fields and longer MST for target conformity and uniformity. For OAR doses, shorter MST allowed better modulation of the beam intensities and resulted in less normal tissue dose, such as the spinal cord dose of the 2-field plans in Figure 2D. The observations can be confirmed in the corresponding DVHs (Figure 3A). Compared with the transmission plans, the conventional SBRT plans using multiple energies (Figure 2I) can completely spare the OARs behind the target, such as the spinal cord and kidneys in this case.




Figure 3 | (A) The dose–volume histograms (DVH) of the iCTV and OARs for different fields and MST combinations. DRVH of (B) liver-GTV and (C) chest wall for four types of plans.



For the 7 patients, as summarized in Table 2, more fields and shorter MST are consistently associated with smaller iCTV Dmax. As shown in Table 2, 5-field plans yield slightly less iCTV Dmax than the 2-field plans at the same MSTs, and 0.5-ms MST plans also yield slightly less iCTV Dmax than the 2-ms MST ones when using the same number of fields. For the liver-GTV results, 0.5-ms MST leads to an average of 0.9 Gy (p < 0.05) and 2.4 Gy (p < 0.01) reduction compared to 2 ms MST. No statistical significance is identified between different combinations for the esophagus, spinal cord, and kidney. The 2-field plans have larger variability due to the selective OAR sparing in different patient cases. There is a significant D2cc reduction of 2.9 Gy (p < 0.05) for the chest wall between the 0.5- and 2-ms MST in 5-field plans. Overall, iCTV and liver-GTV dose metrics have shown clear statistical characteristics between different combinations because all beams cover them in both 5-field and 2-field plans, which is not the case for other OARs. For the conventional IMPT plans, the iCTV Dmax is > 5% better, and most of the OAR dose is reduced, for instance, by >3 Gy in liver Dmean, >4 Gy in spinal cord D0.5cc, > 17 Gy in chest wall D2cc, and >6% in kidney V18Gy, compared with the transmission plans.



Dose Rate Evaluation of the Liver Transmission Plans

As shown in Figures 2E–H, for a typical liver case, 5fds-2ms plans (Figure 2E) result in the lowest dose rate coverage compared to the other generated plans. Plans with 2fds-0.5 ms (Figure 2H) have the highest dose rate coverage in liver-GTV for the same field, followed by the 2fds-2 ms (Figure 2G) and 5fds-0.5 ms (Figure 2F) ones. The differences in the liver-GTV and chest wall V40Gy/s are also indicated in the DRVH (Figures 3B, C), where the lowest V40Gy/s is observed with the 5fds-2ms plan, consistent with the dose rate distribution in Figure 2E. The 3D dose rate distribution is concentrated using a single DRVH curve to represent the voxel-based dose rate distribution. A single field’s 2D dose rate map displays the dose rate distribution variations among different combinations of fields and MST. The high-dose rate strips and low-dose rate valleys are observed, associated with the spot map distribution as seen in Figures 2E–H. Figure 4 summarizes the V40Gy/s FLASH dose rate coverage of OARs for all patients. It is evident that the 5fds-2ms MST plans have the lowest V40Gy/s coverage in all cases, with over ~20% less than that of the 2fds-2ms MST plans for all OARs except for the spinal cord and the heart. The FLASH dose rate coverage differences are less evident between the 2- and 5-field plans with 0.5-ms MST, primarily within 10%, also bidirectional. For the liver-GTV, chest wall, and stomach, 2-field 0.5-ms MST plans yield slightly higher V40Gy/s. There are no apparent differences (less than 5%) between the 2fds-2ms MST and 2fds-0.5 ms MST plans.




Figure 4 | The average dose rate for all the 7 patients: OARs V40Gy/s distributions for different combinations of the number of fields and MST. The error bars represent the standard deviation from the mean value.





Dose and Dose Rate Relationships in Liver Transmission Plans

The OAR dose and dose rate relationships were inspected using the four types of plans in the transmission fields. Figure 5 presents the dose and dose rate statistics of all four types of plans for all patients. As the target is located inside the liver, the liver-GTV received more dose than other OARs. While doses to OARs like the spinal cord, esophagus, stomach, kidney, chest wall, and heart are sensitive to the locations and beam arrangement, some of the OARs tend to have more low-dose portions and even can be completely spared if there was no beam passing through or toward them, as observed in all four types of plans (Figures 5A, C, E, G). In general, compared with others, the dose region of 0–13.5 Gy has the smallest FLASH dose rate coverage for all OARs in all four types of plans. For most OARs, the 5fds-2ms plans have the smallest FLASH dose rate coverage in the corresponding dose regions compared to all the other types of plans, which is consistent with the observation in Figure 4. As shown in the 2fd-2ms and 2fd-0.5ms cases (Figures 5E, G), for the spinal cord and heart, located farther away from the target, the lower-dose regions like 0–13.5 Gy are dominant, whereas, for the stomach, chest wall, kidney, and liver-GTV, the higher dose regions >27.5 Gy are dominant. As indicated in Figures 5D, F, the higher-dose regions correspond to a higher V40Gy/s FLASH dose rate coverage. In comparison, the lower-dose regions correspond to a lower FLASH dose rate coverage. Nevertheless, as there are always low-dose regions like proton beam penumbras into OARs, it becomes less possible for OARs to reach 100% V40Gy/s dose rate coverage.




Figure 5 | The dose and dose rate statistics of the four types of plans for all the 7 patients. (A, C, E, G) are the ratio of OARs’ volume in different dose regions for 5fds-2ms, 5fds-0.5ms, 2fds-2ms, and 2fds-0.5ms plans, respectively. (B, D, F, H) are the V40Gy/s coverage of OARs and target changes under different dose levels for 5fds-2ms, 5fds-0.5ms, 2fds-2ms, and 2fds-0.5ms plans, respectively. The error bars represent the standard deviation from the mean value.






Discussion

This study focuses on the FLASH-RT for liver hypofractionated treatment planning using transmission proton PBS beams. The dose rate model was implemented in an in-house TPS that incorporated the beam parameters of a commercial proton system under FLASH mode. The ADR calculation and evaluation methods were used to quantify the degree of expected FLASH effectiveness (“FLASHness”) in treatment planning.

Different groups have previously discussed the advantage of transmission beams in proton therapy (18, 22, 34). Treatment planning with transmission beams has also been studied in other sites such as lung and H&N. As the plateau region of proton beams is being used to deliver the prescribed dose to the target, the range uncertainty becomes less of a concern compared to the conventional Bragg peaks planning. Single-energy PBS transmission plans are also easier to implement without needing further beam modifiers in the beam path.

To our knowledge, this is the first study of applying transmission beams to the liver with practical dosimetric considerations. The relatively small fractionated dose leads to less flexibility in inverse planning, especially with relatively large minimum MU/spot required by FLASH dose rate coverage, limiting the achievable dose and dose rate performances. While achieving an ultra-high-dose rate would be technically easier to deliver with proton SBRT, since many lesions are not amenable to true ablative doses and since proton centers more typically deliver liver-directed radiotherapy using a hypofractionated approach rather than true SBRT approach in 5 or fewer fractions, we elected to similarly use hypofractionated FLASH to increase the generalizability and clinical usefulness of this analysis (46, 47).

This study adopted a more conservative PBS dose rate calculation method—ADR. As shown in other studies (22), DADR tends to result in higher values than ADR using the same beam current, as DADR specifies the dose-averaged instantaneous dose rate and ignores the time structures of spot deliveries in PBS (19). Currently, no studies have established which dose rate definitions are more relevant to the FLASH sparing effect. Also, it is still debatable in choosing which dose threshold to determine the dose and time window for ADR calculation. However, from the treatment planning point of view, we select ADR because if ADR can meet the FLASH coverage at a level, it can also be met by using DADR or other potential dose rate definitions.

The study indicates that to improve the FLASH coverage for OARs, we may reduce either the MST or the number of fields. Decreasing the number of fields can guarantee a higher minimum MU/spot for planning, which will be beneficial for achieving higher FLASH dose rate coverage; however, the fraction dose and OAR dose constraints can prevent using a very high minimum MU/spot for planning. As known, a smaller MU/spot will be helpful to ensure better dosimetry for OARs and targets. Therefore, the number of fields, dose rate coverage, plan quality, and minimum MU/spot are associated (39). When using fewer fields, the dose per field is increased, and the trade-off between FLASH dose rate coverage and dose constraints for OARs should be considered. Figure 4 also indicates that compared to more fields using the same MST, an even lower FLASH coverage can occur to some OARs when the beam number is decreased, such as the spinal cord in the 2-field case. This is mainly because such OARs may happen to be at the penumbra of the beam, i.e., the low-dose region, which could be associated with a lower dose rate, as demonstrated in Figure 5. Applying a penumbra sharpening aperture (48) could be helpful to achieve both better OARs sparing and higher FLASH dose rate coverage. On the contrary, reducing the MST allows a lower minimum MU/spot in planning without degrading or even improving the FLASH coverage, as indicated in Figures 4, 5. The MST can be optimized to accommodate both reasonably good dose rate and plan quality. If the MST can be set low enough, the number of fields may not be as important, as indicated in this liver planning case. However, when MST becomes a major obstacle in boosting the FLASH dose rate coverage, reducing the number of beams could be a useful strategy with carefully chosen beam angles that avoid major OARs while achieving acceptable plan quality. However, it may not be achievable for an extremely small MST due to hardware limits. The optimal and practical MST settings for the clinical FLASH delivery require further validations. The 2 and 0.5 ms investigated in this study are MSTs defined for the Varian ProBeam system, and other systems may have different mechanisms to determine the dose rate, which is not studied. We also note that the FLASH dose rate coverage may be affected by the OAR depths in the body, as the dose rate decreases when the depth increases, which warrants careful consideration in beam angular arrangement. Besides, giving lower minimum MU/spot constraints more flexibility, we may anticipate better plan quality, including target uniformity and OAR doses, as demonstrated in Table 2.

The doses to the OARs in the transmission plans are higher than SBRT plans on average due to the intrinsic limitation of the transmission plans that unavoidably deposit dose in normal tissues behind the target. Despite the transmission plans having higher OAR doses than the SBRT plans, the stringent dose constraints stated in the NRG Oncology GI003 are still met. As the FLASH spare effect for the normal tissue and OARs can potentially allow higher-dose tolerance than in the conventional dose rate radiation therapy, the slightly worse dosimetry of the transmission beams may not be a concern for the liver FLASH-RT. Till today, the biological mechanism of the FLASH dose rate has not been well characterized, and this planning study only provides a starting point to demonstrate the feasibilities of the application of transmission beams in liver FLASH treatment. More biological studies are expected to uncover the FLASH sparing effect for liver cancers.

In this study, we presume that proton RBE of FLASH irradiation in normal tissue is still 1.1, the same as the conventional dose rate proton irradiation. Although different RBEs for proton FLASH have been proposed (34), currently, there are no biological studies or experiments that have provided the measured RBE values. As we evaluate the “FLASHness” of each field, the impact from switching fields has not been considered, which requires further investigation relevant to fundamental FLASH mechanisms. Another potential problem for transmission FLASH-RT is that when patient size is large, the transmission beams cannot shoot through at certain beam angles. Also, transmission beams cannot spare the normal tissue at the distal edge of the target, which is validated by the comparison with conventional IMPT plans that place the Bragg peaks inside the targets. Although multiple-energy modulation as in conventional IMPT has not been available for FLASH-RT, using single-energy Bragg peak FLASH may provide a suitable solution to address the above issues, which we have evaluated by comparing the same dose metrics (23, 39). Some previous in vivo and in vitro experiments (49–51) suggest that the FLASH effect may be triggered when a particular dose threshold is met; what is a clinically feasible dose fractionation is still not clear yet for liver cancers. Further biological validation is needed, especially given the current lack of systematic clinical assessment with proton beams. This work evaluates the feasibility of achieving sufficient dose and dose rate quality based on the physical, planning, and machine parameters, and despite its limitations, it can provide reference to future FLASH planning under similar dosimetric requirements.



Conclusion

Hypofractionated liver FLASH-RT planning was studied with single-energy proton transmission beams using an in-house TPS. We demonstrated that with a large MST, fewer-field plans will improve the dose rate quality marked by higher OARs’ FLASH coverages but with comparable dose quality to plans with a greater number of fields. With a small MST, more-field plans will have comparable dose rate quality and better dose quality compared to fewer-field plans. The inferior dose quality of transmission plans to conventional IMPT may justify the need to optimize treatment planning and dose delivery with comparable FLASH dose rate quality.



Data Availability Statement

The original contributions presented in the study are included in the article/supplementary material. Further inquiries can be directed to the corresponding author.



Ethics Statement

This study was conducted under Western institutional review board (IRB) approval. This is a retrospective study of previously implemented treatments and their dosimetry parameters, and there is no more than minimal risk to the subjects. Therefore, a waiver of informed consent was requested and approved by IRB.



Author Contributions

Conceptualization, MK, SW, CS and HL. Methodology, MK, SW, CS, and HL. Software, SW. validation, MK, and SW. Formal analysis, SW. Investigation, MK, SW, and HL. Resources, JIC, CS, and HL. Data curation, MK and HL. Writing—original draft preparation, SW and MK. Writing—review and editing, SW, HL, JIC, RP, SL, RR, CH, SH, AC., CS. and MK. Visualization, MK and SW. Supervision, JIC, CS, and HL. Project administration, HL. Funding acquisition, JIC, CS, and HL. All authors contributed to the article and approved the submitted version.



References

1. Favaudon, V, Caplier, L, Monceau, V, Pouzoulet, F, Sayarath, M, Fouillade, C, et al. Ultrahigh Dose-Rate FLASH Irradiation Increases the Differential Response Between Normal and Tumor Tissue in Mice. Sci Transl Med (2014) 6(245):245ra93. doi: 10.1126/scitranslmed.3008973

2. Montay-Gruel, P, Petersson, K, Jaccard, M, Boivin, G, Germond, JF, Petit, B, et al. Irradiation in a Flash: Unique Sparing of Memory in Mice After Whole Brain Irradiation With Dose Rates Above 100 Gy/s. Radiother Oncol (2017) 124:365–9. doi: 10.1016/j.radonc.2017.05.003

3. Montay-Gruel, P, Bouchet, A, Jaccard, M, Patin, D, Serduc, R, Aim, W, et al. X-Rays can Trigger the FLASH Effect: Ultrahigh Dose-Rate Synchrotron Light Source Prevents Normal Brain Injury After Whole Brain Irradiation in Mice. Radiother Oncol (2018) 129:582–8. doi: 10.1016/j.radonc.2018.08.016

4. Simmons, DA, Lartey, FM, Schüler, E, Rafat, M, King, G, Kim, A, et al. Reduced Cognitive Deficits After FLASH Irradiation of Whole Mouse Brain are Associated With Less Hippocampal Dendritic Spine Loss and Neuroinflammation. Radiother Oncol (2019) 139:4–10. doi: 10.1016/j.radonc.2019.06.006

5. Fouillade, C, Curras-Alonso, S, Giuranno, L, Quelennec, E, Heinrich, S, Bonnet-Boissinot, S, et al. FLASH Irradiation Spares Lung Progenitor Cells and Limits the Incidence of Radio-Induced Senescence. Clin Cancer Res (2020) 26(6):1497–506. doi: 10.1158/1078-0432.CCR-19-1440

6. Vozenin, MC, Fornel, PD, Petersson, K, Favaudon, V, Jaccard, M, Germond, JF, et al. The Advantage of FLASH Radiotherapy Confirmed in Mini-Pig and Cat-Cancer Patients. Clin Cancer Res (2019) 25(1):35–42. doi: 10.1158/1078-0432.CCR-17-3375

7. Beyreuther, E, Brand, M, Hans, S, Hideghéty, K, Karsch, L, Leßmann, E, et al. Feasibility of Proton FLASH Effect Tested by Zebrafish Embryo Irradiation. Radiother Oncol (2019) 139:46–50. doi: 10.1016/j.radonc.2019.06.024

8. Bourhis, J, Sozzi, WJ, Jorge, PG, Gaide, O, Bailat, C, Duclos, F, et al. Treatment of a First Patient With FLASH-Radiotherapy. Radiother Oncol (2019) 139:18–22. doi: 10.1016/j.radonc.2019.06.019

9. Griffin, RJ, Limoli, CL, and Simone, CB 2nd. Radiation Research Special Issue: New Beam Delivery Modalities are Shaping the Future of Radiotherapy. Radiat Res (2020) 194(6):567–70. doi: 10.1667/RADE-20-FLASH.1

10. Smyth, LML, Donoghue, JF, Ventura, JA, Livingstone, J, Bailey, T, Day, LRJ, et al. Comparative Toxicity of Synchrotron and Conventional Radiation Therapy Based on Total and Partial Body Irradiation in a Murine Model. Sci Rep (2018) 8:12044. doi: 10.1038/s41598-018-30543-1

11. Patriarca, A, Fouillade, C, Auger, M, Martin, F, Pouzoulet, F, Nauraye, C, et al. Experimental Set-Up for FLASH Proton Irradiation of Small Animals Using a Clinical System. Int J Radiat Oncol Biol Phys (2018) 102(3):619–26. doi: 10.1016/j.ijrobp.2018.06.403

12. Buonanno, M, Grilj, V, and Brenner, DJ. Biological Effects in Normal Cells Exposed to FLASH Dose Rate Protons. Radiother Oncol (2019) 139:51–5. doi: 10.1016/j.radonc.2019.02.009

13. Diffenderfer, ES, Verginadis, II, Kim, M, Shoniyozov, K, Velalopoulou, A, Goia, D, et al. Design, Implementation, and In Vivo Validation of a Novel Proton FLASH Radiation Therapy System. Int J Radiat Oncol Biol Phys (2020) 106(2):440e448. doi: 10.1016/j.ijrobp.2019.10.049

14. Girdhani, S, Abel, E, Katsis, A, Rodriquez, A, Senapati, S, KuVillanueva, A, et al. Abstract LB-280: FLASH: A Novel Paradigm Changing Tumor Irradiation Platform That Enhances Therapeutic Ratio by Reducing Normal Tissue Toxicity and Activating Immune Pathways. Cancer Res (2019) 79(13 Suppl):LB–280. doi: 10.1158/1538-7445.AM2019-LB-280

15. Nesteruk, KP, Togno, M, Grossmann, M, Lomax, AJ, Weber, DC, Schippers, JM, et al. Commissioning of a Clinical Pencil Beam Scanning Proton Therapy Unit for Ultrahigh Dose Rates (FLASH). Med Phys (2021) 48(7):4017–26. doi: 10.1002/mp.14933

16. Chow, R, Kang, M, Wei, S, Choi, JI, Press, RH, Hasan, S, et al. FLASH Radiation Therapy: Review of the Literature and Considerations for Future Research and Proton Therapy FLASH Trials. Appl Radiat Oncol (2021) 10(2):16–21.

17. Cunningham, S, McCauley, S, Vairamani, K, Speth, J, Girdhani, S, Abel, E, et al. FLASH Proton Pencil Beam Scanning Irradiation Minimizes Radiation-Induced Leg Contracture and Skin Toxicity in Mice. Cancers (2021) 13(5):1012. doi: 10.3390/cancers13051012

18. van Marlen, P, Dahele, M, Folkerts, M, Abel, E, Slotman, BJ, and Verbakel, W. Bringing FLASH to the Clinic: Treatment Planning Considerations for Ultrahigh Dose-Rate Proton Beams. Int J Radiat Oncol Biol Phys (2020) 106(3):621–9. doi: 10.1016/j.ijrobp.2019.11.011

19. van de Water, S, Safai, S, Schippers, JM, Weber, DC, and Lomax, AJ. Towards FLASH Proton Therapy: The Impact of Treatment Planning and Machine Characteristics on Achievable Dose Rates. Acta Oncol (2019) 58:10, 1463–1469. doi: 10.1080/0284186X.2019.1627416

20. van Marlen, P, Dahele, M, Folkerts, M, Abel, E, Slotman, BJ, and Verbakel, W. Ultra-High Dose Rate Transmission Beam Proton Therapy for Conventionally Fractionated Head and Neck Cancer: Treatment Planning and Dose Rate Distributions. Cancers (2021) 13(8):1859. doi: 10.3390/cancers13081859

21. Folkerts, M, Abel, E, Busold, S, Perez, JR, Krishnamuthi, V, and Ling, CC. A Framework for Defining FLASH Dose Rate for Pencil Beam Scanning. Med Phys (2020) 47:6396–404. doi: 10.1002/mp.14456

22. Kang, M, Wei, S, Choi, JI, Simone, CB 2nd, and Lin, H. Quantitative Assessment of 3D Dose Rate for Proton PBS FLASH-RT and its Application in a Deliverable System for Lung Hypofractionation Treatment Planning. Cancers (2021) 13(14):3549. doi: 10.3390/cancers13143549

23. Wei, S, Lin, H, Choi, JI, Simone, CB 2nd, and Kang, M. A Novel Proton Pencil Beam Scanning FLASH RT Delivery Method Enables Optimal OAR Sparing and Ultra-High Dose Rate Delivery: A Comprehensive Dosimetry Study for Lung Tumors. Cancers (2021) 13(22):5790. doi: 10.3390/cancers13225790

24.Fast01. Available at: https://www.appliedradiology.com/articles/varian-first-patient-treated-in-fast-01-flash-therapy-trial.

25. Breneman, J, Perentesis, JP, Bradley, J, Mascia, A, Abel, E, Sharda, A, et al. In Regard to Buchsbaum Et al. Int J Radiat Oncol Biol Phys (2021) 110(5):1544–5. doi: 10.1016/j.ijrobp.2021.03.034

26. Pratx, G, and Kapp, DS. A Computational Model of Radiolytic Oxygen Depletion During FLASH Irradiation and its Effect on the Oxygen Enhancement Ratio. Phys Med Biol (2019) 64:185005. doi: 10.1088/1361-6560/ab3769

27. Petersson, K, Adrian, G, Butterworth, K, and McMahon, SJ. A Quantitative Analysis of the Role of Oxygen Tension in FLASH Radiotherapy. Int J Radiat. Oncol Biol Phys (2020) 107(3):539–47. doi: 10.1016/j.ijrobp.2020.02.634

28. Rothwell, BC, Kirkby, NF, Merchant, MJ, Chadwick, AL, Lowe, M, Mackay, RI, et al. Determining the Parameter Space for Effective Oxygen Depletion for FLASH Radiation Therapy. Phys Med Biol (2021) 66(5):055020. doi: 10.1088/1361-6560/abe2ea

29. Khan, S, Kim, SW, Yang, YZ, and Pratx, G. High-Resolution Radioluminescence Microscopy of FDG Uptake in an Engineered 3D Tumor-Stoma Model. Int J Radiat Oncol Biol Phys (2021) 48(11):3400–7. doi: 10.1007/s00259-021-05364-6

30. Jin, JY, Gu, A, Wang, W, Oleinick, NL, Machtay, M, and Kong, FM. Ultra-High Dose Rate Effect on Circulating Immune Cells: A Potential Mechanism for Flash Effect? Radiother Oncol (2020) 149:55–62. doi: 10.1016/j.radonc.2020.04.054

31. Labarbe, R, Hotoiu, L, Barbier, J, and Vincent, F. A Physicochemical Model of Reaction Kinetics Supports Peroxyl Radical Recombination as the Main Determinant of the FLASH Effect. Radiother Oncol (2020) 153:303–10. doi: 10.1016/j.radonc.2020.06.001

32. Esplen, N, Mendonca, M, and Bazalova-Carte, M. Physics and Biology of Ultrahigh Dose-Rate (FLASH) Radiotherapy: A Topical Review. Phys Med Biol (2020) 65:23TR03. doi: 10.1088/1361-6560/abaa28

33. Zou, W, Diffenderfer, ES, Cengel, KA, Kim, MM, Avery, S, Konzer, J, et al. Current Delivery Limitations of Proton PBS for FLASH. Radiother Oncol (2021) 155:212–21. doi: 10.1016/j.radonc.2020.11.002

34. Verhaegen, F, Wanders, RG, Wolfs, C, and Eekers, D. Considerations for Shoot-Through FLASH Proton Therapy. Phys Med Biol (2021) 66(6):06NT01. doi: 10.1088/1361-6560/abe55a

35. Gao, H, Lin, B, Lin, Y, Fu, S, Langen, K, Liu, T, et al. Simultaneous Dose and Dose Rate Optimization (SDDRO) for FLASH Proton Therapy. Med Phys (2020) 47(12):6388–95. doi: 10.1002/mp.14531

36. Hong, TS, Wo, JY, Yeap, BY, Ben-Josef, E, McDonnell, E, Blaszkowsky, LS, et al. Multi-Institutional Phase II Study of High-Dose Hypofractionated Proton Beam Therapy in Patients With Localized, Unresectable Hepatocellular Carcinoma and Intrahepatic Cholangiocarcinoma. J Clin Oncol (2016) 34(5):460–8. doi: 10.1200/JCO.2015.64.2710

37. Nabavizadeh, N, Waller, JG, Fain, R 3rd, Chen, Y, Degnin, CR, Elliott, DA, et al. Safety and Efficacy of Accelerated Hypofractionation and Stereotactic Body Radiation Therapy for Hepatocellular Carcinoma Patients With Varying Degrees of Hepatic Impairment. Int J Radiat Oncol Biol Phys (2018) 100(3):577–85. doi: 10.1016/j.ijrobp.2017.11.030

38. Levy, K, Natarajan, S, Wang, J, Chow, S, Eggold, JT, Loo, PE, et al. Abdominal FLASH Irradiation Reduces Radiation-Induced Gastrointestinal Toxicity for the Treatment of Ovarian Cancer in Mice. Sci Rep (2020) 10:21600. doi: 10.1038/s41598-020-78017-7

39. Kang, M, Wei, S, Choi, JI, Lin, H, and Simone, CB 2nd. A Universal Range Shifter and Range Compensator can Enable Proton Pencil Beam Scanning Single-Energy Bragg Peak FLASH-RT Treatment Using Current Commercially Available Proton Systems, Under Revision.

40. Wieser, HP, Cisternas, E, Wahl, N, Ulrich, S, Stadler, A, Mescher, H, et al. Development of the Opensource Dose Calculation and Optimization Toolkit Matrad. Med Phys (2017) 44:2556–68. doi: 10.1002/mp.12251

41. Chang, CW, Huang, S, Harms, J, Zhou, J, Zhang, R, Dhabaan, A, et al. A Standardized Commissioning Framework of Monte Carlo Dose Calculation Algorithms for Proton Pencil Beam Scanning Treatment Planning Systems. Med Phys (2020) 47(4):1545–57. doi: 10.1002/mp.14021

42. Lin, L, Souris, K, Kang, M, Glick, A, Lin, H, Huang, S, et al. Evaluation of Motion Mitigation Using Abdominal Compression in the Clinical Implementation of Pencil Beam Scanning Proton Therapy of Liver Tumors. Med Phys (2017) 44(2):703–12. doi: 10.1002/mp.12040

43. Lin, L, Kang, M, Huang, S, Mayer, R, Thomas, A, Solberg, TD, et al. BSPTV With 4D CT for PBS Proton Therapy of Thoracic Tumors. J Appl Clin Med Phys (2015) 16(6):281–92. doi: 10.1120/jacmp.v16i6.5678

44. Kang, M, Huang, S, Solberg, TD, Mayer, R, Thomas, A, Teo, BKK, et al. A Study of the Beam-Specific Interplay Effect in Proton Pencil Beam Scanning Delivery in Lung Cancer. Acta Oncol (2017) 56:531–40. doi: 10.1080/0284186X.2017.1293287

45.NRG Gi003. Available at: https://clinicaltrials.gov/ct2/show/NCT03186898.

46. Verma, V, Lin, SH, Simone, CB 2nd, and Mehta, MP. Clinical Outcomes and Toxicities of Proton Radiotherapy for Gastrointestinal Neoplasms: A Systematic Review. J Gastrointest Oncol (2016) 7(4):644–64. doi: 10.21037/jgo.2016.05.06

47. Hasan, S, Abel, S, Verma, V, Webster, P, Arscott, WT, Wegner, RE, et al. Proton Beam Therapy Versus Stereotactic Body Radiotherapy for Hepatocellular Carcinoma: Practice Patterns, Outcomes, and the Effect of Biologically Effective Dose Escalation. J Gastrointest Oncol (2019) 10(5):999–1009. doi: 10.21037/jgo.2019.08.03

48. Kang, M, Cessac, R, and Pang, D. Commissioning and Beam Characterization of the First Gantry-Mounted Accelerator Pencil Beam Scanning Proton System. Med Phys (2020) 47(8):3496–510. doi: 10.1002/mp.13972

49. Wilson, P, Jones, B, Yokoi, T, Hill, H, and Vojnovic, B. Revisiting the Ultrahigh Dose Rate Effect: Implications for Charged Particle Radiotherapy Using Protons and Light Ions. Br J Radiol (2012) 85:e933–9. doi: 10.1259/bjr/17827549

50. Bourhis, J, Montay-Gruel, P, Jorge, PG, Bailat, C, Petit, B, Ollivier, J, et al. Clinical Translation of FLASH Radiotherapy: Why and How? Radiother Oncol (2019) 139:11–7. doi: 10.1016/j.radonc.2019.04.008

51. Adrian, G, Konradsson, E, Lempart, M, Bäck, S, Ceberg, C, and Petersson, K. The FLASH Effect Depends on Oxygen Concentration. Br J Radiol (2020) 93:20190702. doi: 10.1259/bjr.20190702




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.


Publisher’s Note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.

Copyright © 2022 Wei, Lin, Choi, Press, Lazarev, Kabarriti, Hajj, Hasan, Chhabra, Simone and Kang. 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.


OEBPS/Images/fonc.2021.813063_cover.jpg
’ frontiers
in Oncology

FLASH Radiotherapy Using Single-
Energy Proton PBS Transmission
Beams for Hypofractionation Liver
Cancer: Dose and Dose
Rate Quantification





OEBPS/Images/fonc-11-813063-g004.jpg
wllliliE





OEBPS/Images/fonc-11-813063-g002.jpg





OEBPS/Text/toc.xhtml


  

    Table of Contents



    

		Cover



      		

        FLASH Radiotherapy Using Single-Energy Proton PBS Transmission Beams for Hypofractionation Liver Cancer: Dose and Dose Rate Quantification

      

        		

          Purpose

        



        		

          Methods and Materials

        



        		

          Results

        



        		

          Conclusion

        



        		

          Introduction

        



        		

          Methods and Materials

        

          		

            Dose Rate Modeling and Calculations

          



          		

            Hypofractionated FLASH Liver Treatment Planning

          



        



        



        		

          Results

        

          		

            Dose Evaluation of the Liver Transmission Plans

          



          		

            Dose Rate Evaluation of the Liver Transmission Plans

          



          		

            Dose and Dose Rate Relationships in Liver Transmission Plans

          



        



        



        		

          Discussion

        



        		

          Conclusion

        



        		

          Data Availability Statement

        



        		

          Ethics Statement

        



        		

          Author Contributions

        



        		

          References

        



      



      



    



  



OEBPS/Images/crossmark.jpg
©

2

i

|





OEBPS/Images/table2.jpg
Structure Dose metric 5 fields—2 ms 5 fields—0.5 ms 2 fields—2 ms 2 fields—0.5 ms Conventional IMPT

iCTV Drmax (%) 1152 1136 176 114.1 107.1
4.4 (5.6) (2.4) ©.8) (4.0)
Liver-GTV Dinean (GY) 181 17.2 17.9 155 124
(10.37 ©.8F (11.6P (10,5 (8.9
Esophagus Do.s0c (GY) 126 1.6 9.2 6.5 5.1
(5.6) ©.3) (14.8) (11.4) @®.7)
Spinal cord Do.scc (GY) 16.5 16.9 13.1 12.7 8.1
(7.9 (8.5) (11.6) (10.5) (10.5)
Stomach Do.sce (GY) 29.4 19.9 23.0 175 16.8
(19.4) 6.2) 31.2) (21.4) (25.5)
Kidney Viggy (%) 126 1.8 19.3 15.8 56
(1.9 (10.9) (11.9) (15.8) 1.7
Chest wall Dzce (GY) 58.1 55.2 56.7 59.4 375
@1.07 (20.48 (20.5) (17.6) (14.3)
Heart Dossce (GY) 31.8 309 1.5 7.9 85
(4.5) (1.2) (16.2) (11.2) (8.5)

The averages and standard deviations (in parentheses) are presented. Note: Heart DO.5cc only has two samples for each group, and t-tests were not applied.
%Indlicates p < 0.05.
bindicates p < 0.01, for paired Student t-test, between groups of the same field number and different minimum spot times.





OEBPS/Images/fonc-11-813063-g003.jpg





OEBPS/Images/logo.jpg
’ frontiers
in Oncology





OEBPS/Images/fonc-11-813063-g001.jpg
/ '%;1‘** i EE:

xxxxxxxx





OEBPS/Images/M1.jpg
Tpearm * Toin /Ny





OEBPS/Images/fonc-11-813063-g005.jpg





OEBPS/Images/table1.jpg
Plan type

5fds-2ms
5fds-0.5ms
2fds-2ms
2fds-0.5ms

Min MU

<400
100

<400
100

Min spot time (ms)

2
0.5
2
0.5

Field number

[SENRG RG]

Dose per fraction/Gy

4.5
4.5
4.5
4.5





