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Editorial on the Research Topic 



Exploring the Potential of Particle Radiotherapy: Helium, Neutrons, Carbon, and Other Heavy Ions



Overview

Radiation therapy is a cornerstone modality in the treatment of malignant diseases. Since the inception of the field over a century ago, clinicians and researchers have focused on improving the therapeutic ratio of radiation therapy, therefore minimizing toxicities while maximizing tumor control. The use of particle therapy to improve the therapeutic ratio can be traced to 1946, when Dr. Robert Wilson first proposed the use of accelerated protons and heavy ions for oncological treatments in a landmark paper (1). Today, clinicians and researchers are investigating the use of a variety of different ions for therapeutic use, including protons, carbon ions, fast neutrons, boron neutron capture, and multi-ion therapy (2). Each of the heavy ions have unique radiobiological and physical properties that must be taken into consideration, although they all share some common features, such as a high linear energy transfer (LET) and relative biological effectiveness (RBE). These properties theoretically make heavy ions more potent at causing DNA damage and hopefully improving tumor control (3, 4)

Our topic accepted a total of 17 articles from 48 authors, demonstrating the emergence and importance of particle therapy in providing the best care for patients. Our topic can be divided into the following topics:



Proton and Carbon Ions

Much of our clinical experience with particle therapy involves proton therapy, which is widely used in the US and throughout the world, followed by carbon ion radiotherapy, with centers treating throughout Europe, Asia, and a planned center in the US (5–9). Carbon ion radiotherapy, which is the focus of our Research Topic, takes advantage of the Bragg peak, a sharp lateral penumbra, high LET, and high RBE to maximize cell kill while minimizing normal tissue irradiated (3). Clinical studies have suggested safety and efficacy of carbon ions in the treatment of a variety of malignancies (2).

Our topic includes three excellent clinical reviews describing the clinical experience of particle therapy for skull base sarcomas (Yang et al.), adenoid cystic carcinoma of the nasal cavity and sinuses (Hu et al.), and meningiomas (Li et al.). Additionally, studies by Huang et al. and Yang et al. demonstrate molecular mechanisms for the bystander effect and abscopal effect, an area of excitement and a potential niche for heavy ion therapies. Furthermore, Sun et al. and Toppi et al. report on methods to evaluate dose distribution following carbon ion radiotherapy.



Fast Neutron Therapy

Although not commonly used, fast neutron therapy is another area of interest, as neutrons have a high have a high LET and RBE despite not exhibiting a Bragg peak (10). Jones authored a comprehensive review on the clinical radiobiology of fast neutron therapy, as well as the historical and future concerns of implementing neutron therapy.



Boron Neutron Capture Therapy

Although first proposed in 1936, boron neutron capture therapy (BNCT) has experienced a resurgence in interest (11). BNCT is based on the principle of irradiating nonradioactive boron-10 with neutrons, leading to the production of a lithium-7 and an alpha particle. The alpha particle is a form of high LET radiation that deposits energy over the distance of about the diameter of one cell, therefore selectively targeting tumor cells while avoiding normal tissue toxicity. This technique has largely been limited due to the limited selectiveness of the boron compounds (11–13). The review by Malouff et al. describes the clinical experience and future directions of BNCT.



Multi-Ion Therapy

Although much of our clinical experience is based on individual particles used alone, there is a resurgence of interest in combining the use of multiple ions to take advantage of the unique characteristics of each ion. For instance, helium, neon, silicon, nitrogen, and argon were all studied at the Lawrence Berkeley National Laboratory in the 1970s (14). In the review by Ebner et al., the authors describe the initial work, as well as the challenges associated, with combining these ions in a single treatment to best distribute high LET regions in tumors while minimizing high LET regions in normal tissues or areas of subclinical disease.



Conclusion

Overall, particle therapy represents an area of excitement in radiation oncology, as is evidenced by the excellent articles listed above. We hope that our Research Topic promotes discussion, identifies gaps in knowledge, and inspires future generations to continue investigating the therapeutic use of heavy ions.
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Purpose: We quantified the inter-fractional changes associated with passive carbon-ion radiotherapy using vertical and horizontal beam fields for prostate cancer.

Methods: In total, 118 treatment-room computed tomography (TRCT) image sets were acquired from 10 patients. Vertical (anterior–posterior) and horizontal (left–right) fields were generated on the planning target volume identified by treatment planning CT. The dose distribution for each field was recalculated on each TRCT image set at the bone-matching position and evaluated using the dose–volume parameters for the prostate and rectum V95 values. To confirm adequate margins, we generated vertical and horizontal fields with 0-, 2-, 4-, and 6-mm isotropic margins from the prostate and recalculated the dose distributions on all TRCT image sets. Sigmoid functions were fitted to a plot of acceptable ratios (that is, when prostate V95 > 98%) vs. the isotropic margin size to identify the margin at which this ratio was achieved in 95% of patients with a vertical or horizontal field.

Results: The prostate V95 values (mean ± standard deviation) were 99.89 ± 0.62% and 99.99 ± 0.00% with vertical and horizontal fields, respectively; this difference was not statistically significant (p = 0.067). The rectum V95 values were 1.93 ± 1.25 and 1.88 ± 0.96 ml with vertical and horizontal fields, respectively; the difference was not statistically significant (p = 0.432). The estimated adequate margins were 2.2 and 3.0 mm for vertical and horizontal fields, respectively.

Conclusions: Although there is no significant difference, horizontal fields offer higher reproducibility for prostate dosing than vertical fields in our clinical setting, and 3.0 mm was found to be an adequate margin for inter-fractional changes.

Keywords: carbon-ion radiotherapy, prostate cancer, patient positioning, inter-fractional anatomical change, adequate margin


INTRODUCTION

Prostate cancer is the second most common cancer in males according to the International Agency for Research on Cancer (1). The outcomes of radiotherapy are equal or better than those of surgery (2). One type of radiotherapy, carbon-ion radiotherapy (CIRT), reportedly reduces the risk of acute and late toxicities with outcomes that are equal or better than those of conformal radiotherapy and intensity-modulated radiation therapy (3–7).

Carbon-ion beams provide sharper dose distributions than photon beams because they benefit from the Blagg peak and a sharp lateral penumbra (8, 9). However, carbon-ion beams are sensitive to changes in the target position or water-equivalent path length (WEL) to the target, which may result in changes in dose distributions (10–14). The reproducibility of dose distributions for inter-fractional anatomical changes is very important to ensure safe treatment of patients; however, few reports have focused on this topic in the context CIRT for prostate cancer.

In our previous study, we evaluated the influence of the beam field angle during setup the range uncertainty on the rectal and target doses in CIRT for prostate cancer (15). Our results showed that the prostate and rectal dose deviations did not vary significantly with the field angle. However, while the setup uncertainty was considered in this study, inter-fractional anatomical changes in the prostate, bladder, and/or rectum were not. To improve the safety of CIRT, it is necessary to evaluate the influence of such anatomical changes on the dose distribution. Additionally, whether a vertical or horizontal field is more robust against inter-fractional changes remains unclear. Further, because a vertical field must be used instead of a horizontal field in certain cases, such as when the patient has a metal hip implant, it is important to evaluate the robustness of a vertical field against inter-fractional changes. Hence, in this study, we evaluated the robustness of horizontal and vertical fields against inter-fractional anatomical changes using daily computed tomography (CT) images acquired in a treatment room.



MATERIALS AND METHODS


Patient

This prospective study included 10 consecutive patients with prostate cancer who had agreed to participate in this study and had been treated with 12 fractions of passive-irradiation CIRT at Gunma University Heavy Ion Medical Center from June 2017 to March 2018. The patients' characteristics are detailed in Table 1. This study was conducted in accordance with the Declaration of Helsinki and approved by the institutional review board at Gunma University Hospital (1564). The study was registered at the University Hospital Medical Information Network Clinical Trials Registry (UMIN-CTR trial number: 000029495). All patients provided written informed consent to participate in this study and their data were anonymized.


Table 1. Patient characteristics.

[image: Table 1]



CT Image Acquisition and Actual Treatment

Twelve CT data sets were acquired on each day of treatment to investigate the effects of tumor movement and inter-fractional changes on the dose decided in the treatment planning stage. All patients were immobilized in the supine position by a shell fitter (Kuraray, Tokyo, Japan) to depress the abdomen and prevent body movement. A MoldCare cushion (Alcare, Tokyo, Japan) was used to provide trunk support while the patient was irradiated and CT images were acquired. CT images for treatment planning (PlanCT) were acquired on a scanner (Aquilion LB®, Self-Propelled; Canon Medical Systems, Otawara, Tochigi, Japan) in a simulation room.

Each patient retained his urine for 20 min before entering the irradiation room. The patient was positioned with the aid of orthogonal X-ray imaging (16, 17). If gas or feces was observed inside or close to the target on the X-ray images, a degassing or enema procedure was performed. This radiotherapy irradiation procedure was performed on each of the 12 separate days. After the radiotherapy, one set of CT images was acquired using a treatment-room CT (TRCT) system of the same type as in the simulation room (18). TRCT image sets were obtained from each patient in the same position as used for irradiation and with the same tube voltage, tube current, field of view, and slice thickness settings used for the PlanCT.



Treatment Planning

In this study, we used a CIRT system (19) with a heavy ion irradiation device (Mitsubishi Electric, Tokyo, Japan) with passive irradiation (20) and a treatment planning system (TPS) (XiO-N, Mitsubishi Electric). The passive irradiation field was generated using a scatterer and wobbling, and the field was collimated to the outside of the planning target volume (PTV) using a multi-leaf collimator. A pencil-beam algorithm was used to calculate the dose distributions (21, 22). The relative biological effectiveness (RBE) was included in the absorbed dose using a spread-out Bragg peak concept (23), and the clinical dose was defined as Gy (RBE). The PTV1 for the prostate cancer treatment for each patient was determined after adding 8-mm anterior and lateral margins, 6-mm cranial and caudal margins, and a 5-mm posterior margin to the prostate as well as 3-mm lateral margins, 5-mm cranial and caudal margins, and a 5-mm posterior margin to the proximal seminal vesicle. The PTV2 was created by subtracting 6 mm from the circumscribed position of the PTV1 in the cranial and caudal directions and subtracting the circumscribed region of the rectum in the posterior direction of PTV1 from the PTV1. The CIRT plan was generated such that the percentages of PTV1 and PTV2 receiving >95% of the prescribed dose (V95) were >95%. Irradiation was applied with fields from the left and right sides. Two of the fields were applied in four fractions, and the other two were applied in two fractions, which results in an initial field of 8 fractions to PTV1 and a boost field of 4 fractions to PTV2; thus, there was a total of 12 fractions. Each fraction was 4.3 Gy (RBE), and the total dose was therefore 4.3 × 12 = 51.6 Gy (RBE).



Data Analysis

The inter-fractional prostate displacements were measured from bone-matching positions to prostate-matching positions between the PlanCT and subsequent TRCT images for each patient (n = 118; 2 CT sets were not acquired because of a CT system failure) using commercial software (MIM Maestro® MIM Software, Cleveland, OH, USA). The registration was based on the translation in three directions (left–right (LR), anterior–posterior (AP), and superior–inferior (SI), each defined as + and – values) because CT images cannot be rotated for dose calculation with the XiO-N system. Prostate contours were generated on all TRCT images by the rigid image registration method based on the PlanCT, and the rectum and bladder were manually delineated on all TRCT images. After generation and delineation, an oncologist and medical physicist checked the contours. Additionally, deviations from the volumes on the PlanCT to those measured on each TRCT were calculated. The WELs in the AP direction were then measured from the patient's body surface to the isocenter of the beam's direction plane, and the correlation between the prostate displacements and the WEL deviations in the AP direction was evaluated.

Initial and boost fields on horizontal and vertical (LR and AP directions, respectively) were generated and used for evaluation. Examples of the dose distributions associated with vertical and horizontal fields are shown in Figure 1. The daily dose distributions for the initial and boost fields in the vertical and horizontal directions were recalculated on all TRCT sets at the bone-matching position. The dose–volume parameters of the prostate V95, rectum V95, V50, and V10 were also evaluated. For the rectal volume evaluation, the rectal wall was considered to be 3 mm thick, as described previously (24, 25). Additionally, the correlation between the prostate displacement and the dose–volume parameters of the prostate V95 and those between the rectal volume deviation and the deviations in the dose–volume parameters of the rectum V95, V50, and V10 were evaluated.


[image: Figure 1]
FIGURE 1. Examples of dose distributions for (A,B) initial fields and (C,D) boost fields from (A,C) the horizontal direction and (B,D) the vertical direction. The green, almond, cyan, blue, and magenta lines delineate the prostate, PTV1, PTV2, bladder, and rectum, respectively.


To estimate the appropriate margins in CIRT for prostate cancer to ensure robustness against inter-fractional anatomical changes, vertical and horizontal fields were generated on the PlanCT with 0-, 2-, 4-, and 6-mm isotropic margins to the prostate. The dose distributions were then recalculated for all TRCT images at the bone-matching position. Sigmoid functions were fitted to the plot of the acceptance ratio vs. the isotropic margin size to identify the margin that enables 95% of the examined patients to achieve an acceptable condition (prostate V95 > 98%) for each field in the vertical and horizontal directions.



Statistics

All dose–volume parameters for vertical and horizontal fields, as well as the prostate displacements and WEL deviations in the AP direction, were compared using t-tests; p = 0.05 was considered statistically significant.




RESULTS

The measured prostate displacements and rectal and bladder volume variations are shown in Figure 2. The mean ± standard deviation of the prostate displacement for all patients were 0.08 ± 0.50, 0.46 ± 1.32, and −0.12 ± 1.87 mm in the LR, SI, and AP directions, respectively, and those for the rectal and bladder volume deviations were −1.07 ± 9.37 and 2.55 ± 95.36 ml, respectively. The correlation between prostate displacement and WEL deviation in the AP direction is shown in Figure 3. The mean ± standard deviation of the prostate displacement and WEL deviation were −0.13 ± 1.88 and 0.82 ± 2.04 mm, respectively; the mean difference was not statistically significant.


[image: Figure 2]
FIGURE 2. Box plots of prostate displacements and inter-fractional variations in the rectal and bladder volumes for each patient.



[image: Figure 3]
FIGURE 3. Correlation between prostate displacement and water-equivalent path length (WEL) deviation in the AP direction. The dotted line shows linear fitting to the data.


The dose–volume parameters on PlanCT and TRCT are shown in Table 2. There were no statistically significant differences between the daily prostate V95 with initial fields in the vertical and horizontal directions. For the boost field, however, the prostate V95 was significantly lower in the vertical than horizontal direction.


Table 2. Dose volume of prostate and rectum.
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The correlations between prostate displacement and prostate V95 and between rectal volume deviation and rectal dose volume are shown in Figure 4. The correlations of prostate displacement with bladder volume deviation and rectal volume deviation in the AP direction are shown in Figure 5. The prostate and rectal dose volume and acceptance ratio graphs are shown in Figure 6. Based on these data, adequate margins in the vertical field and horizontal field for an acceptance ratio of 95% were determined to be 2.2 and 3.0 mm, respectively.


[image: Figure 4]
FIGURE 4. Correlation between (A–C) prostate displacement and prostate dose volume deviation (sigmoid fitting) and between (D–F) rectal volume deviation and rectal dose volume deviation (linear fitting). The orange circles and lines show the parameters of vertical fields, and the light blue circles and lines show the parameters of horizontal fields. The filled circles and solid lines show initial fields, and the hollow circles and dotted lines show boost fields.



[image: Figure 5]
FIGURE 5. Correlation between deviations in (A) rectal volume and (B) bladder volume vs. the prostate displacement in the AP direction.



[image: Figure 6]
FIGURE 6. Graphs of prostate and rectum dose–volume parameters and acceptance ratio in each margin. (A) Prostate V95. (B) Acceptance ratio when prostate V95 > 98% with fitted sigmoid functions. Rectal (C) V95, (D) V50, and (E) V10 values as functions of the margin used. Orange circles show vertical fields, and light blue circles show horizontal fields. *Statistically significant difference.




DISCUSSION

Our results showed that the average inter-fractional prostate displacement was 0.46 ± 1.32 mm in the SI direction and −0.12 ± 1.87 mm in the AP direction. Our measured displacements were similar to those measured from in-room CT (26) using a flat-type shell similar to that used in this study. However, these displacements were smaller than those measured under cone-beam CT (27, 28) or megavoltage CT (29) with different shell types or without the shell. It was hypothesized that the patient immobilization induced by pressing with a flat shell may also suppress prostate displacement.

Table 2 shows that the prostate coverage was better with the horizontal field than with the vertical field. The difference was statistically significant for the boost fields because they do not have a margin in the posterior direction from the prostate, which results in less consistent coverage than with the initial fields, which have a large margin. There are two possible reasons for the target coverage with the vertical field being worse than that with the horizontal field. The first is that the coverage of the vertical field in the treatment planning is slightly worse than that of the horizontal field. Because the dose calculation in XiO-N is a forward calculation, the 95% isodose line does not perfectly match the PTV. This effect is mostly observed along the beam axis rather than in the lateral direction perpendicular to the beam and results in worse coverage on the posterior side of the prostate with the vertical field than with the horizontal field. The second possible explanation is that the prostate displacements in the AP direction are slightly larger than the WEL changes in the AP direction, as illustrated in Figure 3, although the difference was not statistically significant. The prostate displacements in the AP direction affect the dose distribution in the vertical field, while the WEL deviations in the AP direction influence the dose distribution in the horizontal field. Thus, it is possible that the vertical field is more strongly affected by inter-fractional WEL deviations than is the horizontal field by the prostate displacements, which results in worse target coverage with the vertical field. Hence, if target coverage is a priority, the use of a vertical boost field may not be ideal.

There was no significant difference in the rectal wall dose between the rectum V95 values associated with the initial and boost fields. However, the vertical fields resulted in significantly lower rectum V50 values and significantly higher V10 values than the horizontal fields. It was assumed that the distal fall off in the vertical field was steeper than the lateral penumbra in the horizontal field, which explains why a significant difference was observed in the rectum V50 but not in the V95. Additionally, the difference in the rectum V10 values was attributed to the fact that the dose on the distal tail in the vertical field was higher than that on the lateral tail in the horizontal field. While these results capture inter-fractional anatomical changes, similar tendencies were observed in our previous study considering setup uncertainties and beam range uncertainties (15). Therefore, it can be concluded that a vertical field is more effective for reducing the rectal middle dose, while a horizontal field is more effective for reducing the rectal low dose.

Figure 4 shows that the correlation coefficients between the inter-fractional prostate displacement and prostate coverage were high in the SI and AP directions but low in the LR direction. Furthermore, the correlations of the prostate displacement with the deviations in the bladder volume and rectal volume were low (R = 0.25 and 0.34), as shown in Figure 5. This finding indicates that it is difficult to control the prostate displacement only by managing the inter-fractional bladder volume, rectal gas, and presence of feces in the rectum. However, monitoring the bladder volume and rectal gas and feces may effectively prevent changes in the bladder and rectal volumes as shown in this study because the TRCT images were acquired after these steps were taken; hence, such management techniques may be necessary to ensure patient safety. Because vertical fields are more sensitive to prostate displacements (because the fitting curve is steeper than in the horizontal field), and because the correlation coefficients between the rectal volume deviation and rectal wall dose volume ranged from medium to high, it can be inferred that managing the rectal gas or feces is important to control the rectal dose. In particular, because the ratio of the increase in the rectal dose to the increase in the rectal volume is higher with a vertical than horizontal field, more care must be taken when using a vertical field.

Figure 6 shows that vertical fields need smaller margins than horizontal fields. When generating the treatment planning beam, we use a spread-out Bragg peak size of 5 mm for a horizontal field and 10 mm for a vertical field in our facility. Therefore, an extra dose is delivered upstream of the target to ensure the target dose in each directional field. Because the inter-fractional prostate displacements tend to be larger in the AP than LR direction, as shown in Figure 2, it is assumed that vertical field, that extra dose is delivered in anterior direction, provide greater target coverage than the horizontal field when the margin is small. In practice, horizontal fields provide greater target coverage when the margin is sufficient (4 mm). Therefore, the challenge in delivering an extra dose is a situation specific to our facility; however, the same problem would occur at other facilities that use passive irradiation. Thus, 3-mm margins would be required for both vertical and horizontal fields.

The scope of this study is limited to the effects of inter-fractional changes because the TRCT images were acquired only one time after each irradiation. However, there may be more intra-fractional changes during the treatment. Although previous studies have indicated that the intra-fractional changes are smaller than the inter-fractional changes (28–30), it is necessary to consider both changes when determining the appropriate margins. Assuming that the intra-fractional change is equivalent to the inter-fractional change, a margin of 3 × √2 = 4.2 mm would be required to ensure patient safety.

Furthermore, this study focused on single beams. If using a combination of vertical and horizontal fields, the lower rectal dose would increase more than when using only a horizontal field; however, the dose distributions can be expected to be more robust because the uncertainty of each field is distributed. Additionally, this study considered only the daily dose distribution. Because accumulating dose distributions are effective for predicting treatment outcomes and toxicities (31), we plan to evaluate the cumulative dose distributions in a future study. However, care should be taken because the use of a deformable image registration method to calculate the accumulated dose may produce some errors (32).

Another limitation of this study was that although 118 TRCT images were acquired, the number of patients in the sample set was low (10 patients). Therefore, further analyses with more patient data are necessary. Additionally, our evaluation did not include the seminal vesicle volume. Because the dose coverage would decrease because of inter-fractional movements of the seminal vesicles, further evaluations are needed. Moreover, the prostate contours observed on TRCT were generated by the rigid image registration method from the PlanCT, which may include small errors because of inter-fractional anatomical changes.



CONCLUSION

In this study, we evaluated the robustness of horizontal and vertical fields against inter-fractional anatomical changes using daily CT images acquired in the treatment room during CIRT for prostate cancer. The results showed that horizontal fields better ensure that the target dose is delivered than vertical fields. Vertical fields are effective for reducing the rectal middle dose, and horizontal fields are effective for reducing the rectal low dose. Finally, a 3-mm margin was found to be sufficient to ensure robustness against inter-fractional changes.
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Background: Layer-stacking irradiation (LSI) results in the accumulation of multiple small spread-out Bragg peaks along the beam direction. Although the superiority of LSI to conventional passive irradiation (CPI) regarding normal tissue sparing is theoretically evident, the clinical benefit of LSI has not been demonstrated. Here, we compared LSI with CPI using the same treatment planning-computed tomography images used for carbon ion radiotherapy (CIRT).

Methods: Twenty-one parotid tumors were analyzed. The clinical target volume (CTV) 1 and CTV2 encompassed the parotid grand and the tumor, respectively. CTV1 and CTV2 received 36 Gy (RBE: relative biological effectiveness) in nine fractions and 64 Gy (RBE) in 16 fractions, respectively, using either LSI or CPI. CTV coverage was assessed by DX%, which is the dose covering at least X% of the target volume. Skin dose was assessed by SX, which is the skin surface area receiving at least X Gy (RBE).

Results: For CTV1 and CTV2, there were no significant differences in D2% between LSI and CPI. D50% and D98% were slightly higher for CPI; however, the absolute difference between the two methods was <3%. S10–S60 (in increments of 10) were significantly lower for LSI than for CPI (P < 0.001 for all parameters). LSI was associated with a significant trend toward dose reduction at the skin area irradiated with a higher dose by CPI (P < 0.001).

Conclusions: LSI achieved better skin sparing than CPI without sacrificing target volume coverage in parotid tumor patients.

Keywords: carbon ion radiotherapy, head and neck tumors, layer-stacking irradiation, parotid tumors, radiation dermatitis, dose surface-area histogram, skin dose


INTRODUCTION

Carbon ion radiotherapy holds great promise in cancer treatment. Current evidence suggests that carbon ion radiotherapy is more effective for tumor control than standard care (1). In conventional passive irradiation (CPI) with carbon ions, treatment beams are broadened in the lateral direction using a pair of wobbler magnets and a scatterer, and the Bragg peaks are broadened along the beam direction using a ridge filter to form a spread-out Bragg peak (SOBP) (2). This enables dose distribution that is highly conformal to tumors. However, CPI methods have several shortcomings: i.e., normal tissues located at the entrance of the target receive excessive doses because the SOBP length is fixed by the diameter of the target (Figure 1A). This effect becomes greater in bulky tumors irradiated using long-length SOBPs, which increase the risk of toxicity to normal tissues. To overcome this issue, layer-stacking irradiation (LSI) was developed (3). In LSI, a finite number of small SOBPs are accumulated along the beam direction, contributing to dose reduction to normal tissues at the region near the entrance (Figure 1B). New carbon ion radiotherapy facilities prefer to adopt the spot-scanning technique, which is another irradiation method aimed at achieving high-dose conformation, However, already existing carbon ion radiotherapy facilities still employ passive beam treatment rooms, which are not adapted for spot-scanning. In Japan, about half of carbon ion radiotherapy facilities have passive beam treatment rooms. Therefore, LSI has the advantage that it can be used as an alternative method in facilities where the installation of scanning beam systems is prohibitive (4–6).


[image: Figure 1]
FIGURE 1. Schematic presentation of conventional passive irradiation and layer-stacking irradiation. (A) Conventional passive irradiation; (B) layer-stacking irradiation.


From these perspectives, the usefulness of LSI is theoretically evident, especially for the treatment of superficial tumors. However, the clinical benefit of this method over CPI remains to be demonstrated. To address this issue, we chose parotid tumors as a model in the present analysis. In carbon ion radiotherapy for parotid tumors, sparing of the skin is important because parotid glands are anatomically adjacent to the skin. A study that reported the outcomes of carbon ion radiotherapy for parotid tumors showed that the doses prescribed to the target were compromised in 57% of the patients to avoid exposure of the skin or the brain to high-dose irradiation (7). Another multi-institutional study that reported the outcomes of carbon ion radiotherapy for salivary gland tumors, 84% of which were parotid tumors, showed that the incidence of grade-3 dermatitis was 10% according to Common Terminology Criteria for Adverse Events version 4.0 (8). Based on these data, the present study compared treatment plans created using LSI with those created using CPI in the same set of patients with parotid tumors treated with carbon ion radiotherapy by analyzing target volume coverage and skin doses.



MATERIALS AND METHODS


Patient Characteristics

Between October 2010 and March 2019, 21 consecutive patients with parotid tumors were treated with carbon ion radiotherapy at Gunma University Heavy Ion Medical Center (GHMC). Table 1 shows patient and tumor characteristics.


Table 1. Patient and tumor characteristics.
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Treatment Planning

Computed tomography images used for treatment planning were acquired at 2-mm slice thickness. The voxel dimensions of all CT images were ~0.88 × 0.88 × 2.0 mm. Treatment plans were generated using XiO-N systems (Elekta, Stockholm, Sweden). Target volumes used in clinical practice were used in this study as follows: clinical target volume (CTV) 1 generally encompassed the whole anatomical site of the tumor origin (i.e., parotid grand), whereas CTV2 encompassed the tumor.

In the treatment planning for carbon ion radiotherapy, the unit Gy (RBE, relative biological effectiveness) is used to describe the prescribed dose (9). Thirty-six Gy (RBE) in nine fractions and 64 Gy (RBE) in 16 fractions were prescribed to CTV1 and CTV2, respectively.

Treatment plans using CPI were generated as described previously (10). The SOBP size used for CPI varied by 5 and 10 mm for horizontal and vertical beams, respectively.

In LSI, 5-mm SOBPs were stacked in the beam direction in steps of 2.5 mm using the range shifter, and the shape of multi leaf collimator (MLC) was changed at every step after 12 steps (i.e., 30 mm). The SOBP size varied by 2.5 mm. The initial shapes used for LSI were those used for conventional irradiation.

The same planning settings were used for CPI and LSI (e.g., the settings for proximal and distal margins to the targets, beam energy, and the number and direction of the beams), and the SOBP size was determined based on the target and proximal and distal margins.



Plan Evaluation

Correlation analysis of carbon ion doses with CTVs or with the skin was performed using MIM Maestro (version 6.8.7., MIM Software Inc., Cleveland, OH, USA). D2%, D50%, D98%, and the homogeneity index (HI) were used as the endpoints for CTV coverage. DX% indicates the dose that covers at least X% of a given target volume. HI is calculated using the following equation: HI = (D2% – D98%)/D50% (11).

The skin volume was defined as the region within 0.02 cm under the skin surface (12). Skin surface area (cm2) was defined as the skin volume divided by 0.02. SX was used as the endpoint for dose-skin surface area analysis, where SX indicates the skin surface area irradiated with at least X Gy (RBE).



Statistics

Differences in the values between two groups were examined using Wilcoxon rank-sum test. The trend in skin dose reduction by LSI for S10 through S60 was examined using the Jonckheere-Terpstra test. A P < 0.05 was considered statistically significant. All statistical analyses were performed using SPSS (version 25; SPSS Inc., Chicago, IL, USA).




RESULTS


Comparison of Target Volume Coverage

First, we compared target volume coverage between CPI and LSI in the same set of 21 parotid tumors (Table 2).


Table 2. Target volume coverage by conventional passive irradiation and layer-stacking irradiation.
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For CTV1, there were no significant differences in D2% between the two methods. D50% and D98% were significantly higher for CPI. However, the absolute differences between the two methods were small (within 2 and 3% for D50% and D98%, respectively). HI was significantly and slightly higher for LSI.

For CTV2, there were no significant differences in D2% between the two methods. D50% and D98% were significantly higher for CPI. However, the absolute differences between the two methods were small (within 1 and 2% for D50% and D98%, respectively). HI was significantly and slightly higher for LSI.

Taken together, these data indicate that target volume coverage achieved by LSI is comparable to that achieved by CPI.



Comparison of Skin Dose

After confirming that target volume coverage was comparable between the treatment plans created using two methods, we compared the skin doses. Overall, the skin doses were lower for LSI than for CPI throughout the dose range (Figure 2). S10, S20, S30, S40, S50, and S60 were significantly lower for LSI than for CPI (Table 3). There was a significant trend toward dose reduction associated with LSI at the skin area irradiated with a higher dose by CPI (P < 0.001; Figures 3, 4). Taken together, these data demonstrate that skin sparing by LSI is superior to that of CPI in the treatment of parotid tumors, especially in the high-dose range. Figure 5 shows that the skin sparing ability of LSI correlated with the distance from CTV2 to the skin.


[image: Figure 2]
FIGURE 2. Dose-surface area histogram for the skin comparing conventional passive irradiation and layer-stacking irradiation in the same 21 parotid tumor cases. Solid and dotted lines indicate mean and 95% confidence interval, respectively. Red and blue lines show conventional passive irradiation and layer-stacking irradiation, respectively.



Table 3. Skin surface dose for conventional passive irradiation and layer-stacking irradiation.
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[image: Figure 3]
FIGURE 3. The rate of skin dose reduction in the treatment plans created using layer-stacking irradiation compared with those created by conventional passive irradiation as controls. (A) Box whisker plot. Boxes indicate 25th percentile through 75th percentile. Top and bottom whiskers show 10th and 90th percentile, respectively. P-value was assessed using the Jonckheere-Terpstra test. (B) Heatmap showing the data from an individual subject. n indicates the reduction rate expressed as a percentage. NA, not assessed because the control value was zero.



[image: Figure 4]
FIGURE 4. Representative treatment plans created by conventional passive irradiation and layer-stacking irradiation for the same subject. (A,B) Dose distribution in axial computed tomography images. Gross tumor volume, clinical target volume (CTV) 1, and CTV2 are indicated in red, cyan, and magenta, respectively; (C,D) dose-surface area model for the skin.



[image: Figure 5]
FIGURE 5. The association between the distance from CTV2 to skin at the axial isocenter sleeve and skin dose reduction rate in layer-stacking irradiation and conventional passive irradiation. The vertical axis shows the reduction in the dose of irradiation the skin receives when layer-stacking irradiation is employed. SX indicates the skin surface area irradiated with at least X Gy (RBE).





DISCUSSION

This is the first study comparing LSI with CPI using a cohort of patients treated with carbon ion radiotherapy. The treatment plans were tested in 21 patients with parotid tumors, and the results showed that LSI was superior to CPI regarding skin sparing, especially at the high-dose range, without compromising target volume coverage. The treatment for head-and-neck non-squamous cell carcinoma has not been standardized, and evidence suggests that carbon ion radiotherapy achieves favorable local control and overall survival in patients with this disease (13–17). Taken together, the present data suggest that carbon ion radiotherapy for head-and-neck non-squamous cell carcinomas can be improved by using LSI.

The dosimetric parameters associated with the risk of skin toxicities after carbon ion radiotherapy have been reported extensively. Takakusagi et al. reported the outcomes of malignant bone and soft tissue tumors treated with carbon ion radiotherapy and showed that grade-2 acute dermatitis increased when S40 exceeded 25 cm2 (12). In this study, LSI decreased the number of patients in which the S40 exceeded 25 cm2 by 14% (from 15 patients to 12 patients). Yanagi et al. reported the outcomes of bone and soft tissue sarcomas treated with carbon ion radiotherapy and showed that grade-3 chronic dermatitis increased when S60 exceeded 20 cm2 (18). In this study, LSI decreased the number of patients in which the S60 exceeded 20 cm2 by 33% (from 3 patients to 2 patients). The two studies by Takakusagi et al. and Yanagi et al. suggest that the risk of skin toxicities after carbon ion radiotherapy is higher in the high-dose range (i.e., S40–S60). In this study, the skin dose reduction by LSI was greater at the high-dose range. This indicates the potential of LSI for the efficient reduction of skin toxicities associated with carbon ion radiotherapy, which may improve the quality of life of patients. Further study is warranted to investigate whether skin dose reduction by CPI affects clinical outcomes.

However, LSI has several shortcomings. In the LSI systems used in our institution (i.e., GHMC) and in the National Institutes of Radiological Sciences, Japan (2), the initial MLC shape is fixed within a depth of 30 mm (i.e., 12 steps). Therefore, achieving dose distribution conformal to the tumors using LSI is difficult when the tumor diameter is <30 mm. In the present cohort, the LSI-based treatment plan resulted in a slightly higher skin dose than that of the CPI-based treatment plan in a patient with a small tumor whose CTV2 volume was 10.1 cm3 (as indicated in light blue in the second case from the right in Figure 3). In addition, irradiation time is longer for LSI than for CPI. In the present study, the median irradiation times per port for CPI and LSI were 46 and 105 s, respectively. Therefore, the indications for LSI should be carefully determined according to tumor size.

The present study had several limitations. First, the skin dose was analyzed in a relatively small number of parotid tumor cases (n = 21). Second, the effect of LSI on dose reduction in other organs at risk needs to be investigated in cancers other than parotid tumors. Further studies using larger cohorts would help identify the patients who would most benefit from LSI.

In summary, we showed, for the first time, that LSI is superior to CPI regarding skin sparing, especially at the high-dose range, without sacrificing target volume coverage in patients with parotid tumors. Further studies are warranted to determine the benefits of LSI for other cancers and other organs at risk.
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Introduction: Hypoxia is a hallmark of cancer that may contribute to an immunosuppressive microenvironment and promote radioresistance. High linear energy transfer (LET) radiation is considered to be able to overcome the negative effects of hypoxia. However, the anti-tumorigenic effects induced by low or high LET radiation have not been fully elucidated. This study aimed to compare the effects of different types of radiation on the immune response, particularly the impact on calreticulin (CRT), and programmed cell death ligand 1 (PDL1) expression.

Methods: Four human tumor cell lines were investigated in this study. Cells in normoxic and hypoxic groups were irradiated with 4Gy (physical dose) photon, proton, and carbon-ion radiation, respectively. The expression of CRT and PDL1 was detected 48 h after irradiation, and the median fluorescence intensities (MFIs) were compared by flow cytometry. Meanwhile, the radiosensitivity of tumor cells in each group was also compared by colony formation assays and flow cytometry.

Results: All types of radiation could significantly inhibit the colony formation of tumor cells under normoxia. However, the efficacy of photon and proton radiation was impaired under hypoxia. Carbon-ion radiation could still inhibit colony formation. The percentage of viable cells after irradiation was higher under hypoxia compared with those under normoxia. The CRT expression under normoxia was significantly increased after radiation. Carbon-ion radiation enhanced CRT expression compared to photon and proton radiation. Conversely, under hypoxia, the CRT expression level was significantly upregulated at baseline (0Gy). Radiation could not increase the expression further. PDL1 expression was also significantly increased by radiation under normoxia in all cell lines except the Ln18 cell line. Carbon-ion radiation induced the most significant increase. Under hypoxia, the PDL1 expression level was also upregulated at baseline and radiation could not increase expression further.

Conclusion: Tumor cells were resistant to photon and proton but sensitive to carbon-ion radiation under hypoxia. Carbon-ion radiation could induce the highest CRT and PDL1 expression under normoxia. However, under hypoxia, radiation could not further enhance the high baseline expression of CRT and PDL1.

Keywords: proton radiation, carbon-ion radiation, normoxia, hypoxia, calreticulin, PDL1


INTRODUCTION

Hypoxia is one of the hallmarks of malignant tumors (1). Tumors under hypoxia are more aggressive than those under normoxia, which is characterized by a higher rate of metastasis and increased resistance to chemo- and radiotherapy (2, 3). Thus, hypoxia is considered an unfavorable prognostic factor for various malignant tumors, especially inoperable head and neck cancers (4). Though many hypoxia-targeting strategies have been investigated in clinical research, they have been ineffective (5). Additionally, hypoxia can contribute to the immune escape of tumor cells via the upregulation of programmed cell death ligand 1 (PDL1) in a hypoxia-inducible factor-1α (HIF-1α)-dependent manner (6). Thus, the anti-tumor effects exerted by the immune system following radiation would be reduced in an immunosuppressive hypoxic environment.

It is widely acknowledged that the cytotoxic effects of radiation are predominantly due to the damage of DNA in cells. DNA damage can be caused by both the direct and indirect effects of radiation. For low linear energy transfer (LET) radiation, like photon, DNA is damaged indirectly via free radicals, while for high LET radiation, like carbon-ion, DNA is ionized, and damaged directly (7). Free radicals react with DNA to form superoxide in the presence of molecular oxygen, which results in DNA damage. The absence of oxygen would therefore decrease DNA damage mediated by radicals (8). However, the direct effect of radiation is independent of oxygen. Thus, the contribution of oxygen is likely different between the low and high LET radiation. Previous studies have shown that the oxygen enhancement ratio (OER) for photon radiation is 2.5–3.5, while for carbon-ion radiation, the OER is closer to 1–1.5 (9). Therefore, carbon-ion radiation is considered able to overcome the unfavorable effect of hypoxia on radiotherapy, at least to some extent.

Carbon-ion and proton radiation are the most advanced techniques used in clinical practice. They have radio-biological and radio-physical advantages over conventional photon radiation. However, the anti-tumor effects induced by proton and carbon-ion radiation have not been fully elucidated. Increased translocation of calreticulin (CRT) to the surface of cell membrane occurs when cells undergo immunogenic cell death, and ecto-CRT has been shown to play an important role in adaptive immune response (10). We previously compared the impact of photon, proton, and carbon-ion radiation on CRT expression in normoxic conditions (11). The impacts of different types of radiation on CRT and PDL1 expression under hypoxia are still poorly understood. Thus, our aim was to compare the effects of photon, proton, and carbon-ion radiation on the expression of CRT and PDL1 under normoxia and hypoxia. This study provided important information and improved our understanding of the anti-tumorigenic responses induced by radiotherapy, especially proton and carbon-ion radiation.



MATERIALS AND METHODS


Cell Lines and Culture Conditions

Four human tumor cell lines were investigated in this study. These included tongue squamous carcinoma cell lines Tca8113 and Cal27, and the glioma cell lines Ln229 and Ln18. All cells were cultured in DMEM medium containing 10% fetal bovine serum (FBS) supplemented with 1% streptomycin and penicillin. Tumor cells in the normoxic group were cultured in an incubator at 37°C containing 5% CO2 and 21% O2, while cells in the hypoxic group were cultured in a hypoxic chamber at 37°C containing 5% CO2 and 0.5% O2.



Irradiation

Exponentially growing tumor cells were irradiated with photon, proton, or carbon-ion radiation as previously described (11). The LET value of photon, proton, and carbon-ion radiation was 2.00, 1.98, and 29.14 keV/μm, respectively. The irradiation doses mentioned are physical doses. Cells in the normoxic group were exposed to radiation directly. While cells in the hypoxic group were placed in a hypoxic culture bag (AnaeroPack, Mitsubishi Gas Chemical Company) in advance, to ensure that tumor cells were in hypoxic condition during the radiation. After irradiation, cells from all the groups, including the mock-irradiated control group (0Gy), were washed twice with phosphate buffer saline (PBS), and the culture medium was replaced. Cells were then immediately cultured in normoxic or hypoxic condition as mentioned above.



Colony Formation Assay

After irradiation with 4Gy of photon, proton, or carbon-ion radiation, the tumor cells in both the normoxic and hypoxic groups were immediately trypsinized and evenly seeded (5000 cells per well) in six-well plates. Three independent experiments were performed for each group. Cells were then cultured in normoxic or hypoxic conditions to form colonies. Colonies were fixed with methanol and stained with crystal violet after 7 days. Images of each group were captured by a colony counting machine (GelCount, Oxford Optronix Ltd.). Only those containing more than 50 cell colonies were counted. The survival fraction (SF) of tumor cells was calculated as follows: colony formation rate in the irradiating group/colony formation rate in the control group.



Flow Cytometry Analysis of Live and Dead Cells

Tumor cells were cultured for 48 h following irradiation with different types of radiation under normoxia or hypoxia. Tumor cells in each group, including the control group (0Gy), were washed with PBS and harvested using trypsin solution without EDTA. Cells were double stained with PE/Annexin V and 7-Amino-Actinomycin (7AAD; Apoptosis detection kit, BD Pharmingen, 559763) according to the manufacturer’s instructions. Samples of each group were examined by flow cytometry (CytoFLEX S, Beckman Coulter), and the results were analyzed by CytoExpert software (version 2.3, Beckman Coulter).



Flow Cytometry Analysis of CRT and PDL1 Expression

Tumor cells were harvested 48 h after irradiation. Each sample was incubated in blocking buffer (PBS containing 5% FBS) for 15 min, followed by washing with cold PBS. Tumor cells were then incubated with P-phycoerythrin (PE) conjugated anti-CRT (PE-CRT, Abcam, and ab83220) or anti-PDL1 (PE-PDL1, CST, and 71391) monoclonal antibodies, respectively. The fluorescence intensity of CRT and PDL1 in each group was detected on a flow cytometer (CytoFLEX S, Beckman Coulter). Flow cytometry results were analyzed by FlowJo (version 10.0.7, Three Star, Inc). The median fluorescence intensity (MFI) was compared between irradiated groups and the non-irradiated group (control group). The fold change of MFI was used to compare the expression of CRT and PDL1 among different groups.



Statistical Analysis

Statistical analysis was conducted by GraphPad Prism (version 7.0, GraphPad Software). Unpaired Student’s t test was used to test the significant difference between two independent samples. Two-way ANOVA was used to test the significant difference between two independent groups. P value < 0.05 was considered statistically significant.



RESULTS


Comparison of the Inhibitory Effects on Colony Formation by Photon, Proton, and Carbon-Ion Radiation Under Normoxia and Hypoxia

Four tumor cell lines were irradiated with 4Gy (physical dose) photon, proton, or carbon-ion radiation under normoxic or hypoxic conditions. Cells were trypsinized immediately after irradiation and cultured in six-well plates (5000 cells/well). Mock-irradiated groups (0Gy) under normoxia and hypoxia were cultured like controls. After culture for 7–11 days, cells were fixed and stained with crystal violet. The SF and the representative images of colony formation for each group are shown in Figure 1. The SF of each cell line under normoxia or hypoxia following different types of radiation is shown in Table 1.


[image: image]

FIGURE 1. Comparison of the inhibitory effects on colony formation by the three types of radiation under normoxia and hypoxia. Tumor cells were irradiated with 4Gy (physical dose) photon, proton, or carbon-ion radiation under normoxia or hypoxia conditions. Survival fraction (SF) was calculated as: colony formation rate in the irradiated group/colony formation rate in the control group. The representative images of colony formation for each tumor cell group are shown in the upper panels. The histograms indicate the SF of tumor cells exposed to different types of radiation under normoxic and hypoxic conditions. Results are presented as mean ± s.d. Statistical significance of each irradiated group relative to the corresponding control group (0Gy) was indicated by asterisks. *p < 0.05, **p < 0.01, and ***p < 0.001.



TABLE 1. The survival fraction of tumor cells following irradiation under normoxia and hypoxia.

[image: Table 1]
According to the results above, photon, proton, and carbon-ion radiation could all inhibit colony formation of tumor cells under normoxia. However, the SF of the photon and proton radiation groups under hypoxia was not significantly reduced. Conversely, carbon-ion radiation significantly reduced the SF in hypoxic conditions. These results suggested that the ability of photon and proton radiation to inhibit tumor cell colony formation was weakened under hypoxia, while carbon-ion radiation still possessed solid inhibitory effects under hypoxia. Therefore, carbon-ion radiation was less affected by hypoxia when compared to photon and proton irradiation.



Comparison Between the Percentage of Viable and Dead Tumor Cells After Photon, Proton, and Carbon-Ion Radiation Under Normoxia and Hypoxia

In order to compare the percentage of viable and dead tumor cells 48 h after exposure to different types of radiation under normoxia and hypoxia, we treated tumor cells with 4Gy physical dose photon, proton, and carbon-ion radiation under normoxic and hypoxic conditions. Irradiated cell groups, in addition to mock-irradiated control groups (0Gy), were cultured under the same oxygen conditions for 48 h. Next, we used Annexin V/7-AAD to detect viable and dead cells by flow cytometry. Cells that were Annexin V-negative and 7-AAD-negative (AV-/7AAD-) were considered viable. The percent viability of tumor cells in each group are shown in Table 2. Annexin V-positive and 7-AAD-negative (AV+/7AAD-) cells were considered to be in early apoptosis, while Annexin V and 7-AAD positivity (AV+/7AAD+) suggested that cells were in late apoptosis or dead. Representative flow cytometry images for each group and the percentages of viable and dead cells are shown in Figure 2.


TABLE 2. The percentage of viable tumor cells in each group 48 h after irradiation under normoxia and hypoxia.
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FIGURE 2. Comparison between the percentage of viable and dead cells under normoxia and hypoxia. Tumor cells in normoxic and hypoxic conditions were exposed to 4Gy physical dose photon, proton, or carbon-ion radiation. Cell survival was detected 48 h after irradiation using the Annexin V/7-AAD double staining kit. Representative flow cytometry images for each group are shown in the scatter plots. Statistical analysis of the cell survival and death percentages for each group are shown in the histograms. Each experiment was repeated at least three times. ***p < 0.001.


The percentage of viable tumor cells was all increased under hypoxia in comparison to normoxia following irradiation with photon, proton, or carbon-ion radiation, which suggests that tumor cells were more resistant to radiation in hypoxic conditions. Carbon-ion radiation was capable of inducing more cell death compared with photon or proton radiation at the same physical dose while cells were hypoxic.



Comparison of Tumor Cell CRT Expression Under Normoxia and Hypoxia in Each Group

Next, we compared the changes in expression of CRT on the tumor cell membrane 48 h after irradiation with 4Gy physical dose photon (X4), proton (P4), or carbon-ion (C4) radiation compared to the control group (0Gy) under normoxia and hypoxia. The MFI of CRT staining was detected by flow cytometry for each group. Representative flow cytometry images and statistical significance are demonstrated in Figure 3.
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FIGURE 3. Comparison of CRT expression under normoxia and hypoxia. Tumor cells were exposed to 4Gy physical dose photon, proton, or carbon-ion radiation. The expression level of CRT on the tumor cell surface was detected by flow cytometry 48 h after irradiation. Representative flow cytometry images for each group are shown in the half-offset histograms. The horizontal axis represents the fluorescence intensity of CRT-PE, and the vertical axis represents the number of cells. The fold change of the median fluorescence intensity (MFI) for each group relative to the control group (0Gy) is shown in the bar charts. Results are presented as mean ± s.d. Each experiment was repeated at least three times. Statistical significance of each irradiated group relative to the control group (0Gy) was indicated by asterisks. **p < 0.01, and ***p < 0.001.


The fold change of CRT expression in each irradiation group compared to the control group under normoxia and hypoxia are listed in Table 3.


TABLE 3. The changes in CRT expression for each irradiation group under normoxia and hypoxia.

[image: Table 3]When comparing the CRT expression between normoxic and hypoxic cells at baseline (0Gy, control groups), all the tumor cells in the hypoxic groups expressed more CRT than the normoxic groups. As demonstrated in Figure 4, the CRT expression under hypoxia increased by 2.21-fold (95% CI: 1.33–3.09), 4.27-fold (95% CI: 3.90–4.63), 1.63-fold (95% CI: 1.58–1.68), and 1.18-fold (95% CI: 1.10–1.26) for Tca8113, Cal27, Ln229, and Ln18 cell lines, respectively.
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FIGURE 4. Comparison of baseline CRT expression under normoxia and hypoxia. The expression of CRT on the tumor cell surface was detected by flow cytometry. The MFI of each tumor cell line under normoxia and hypoxia is shown in the histogram. Results are presented as mean ± s.d. Each experiment was repeated at least three times. Statistical significances of the difference between cells under normoxia and hypoxia are indicated by asterisks. **p < 0.01, ***p < 0.001.


These results indicated that photon, proton, and carbon-ion radiation could all significantly increase the expression of CRT on tumor cells in normoxic conditions. Carbon-ion radiation could induce more CRT expression compared to photon and proton radiation at the same physical dose. Alternatively, the CRT expression on tumor cells was upregulated at baseline (0Gy) in hypoxic conditions. In these hypoxic conditions, photon, proton, or carbon-ion radiation could not further increase CRT expression. In some radiation groups, CRT expression was decreased after radiation.



Comparison of PDL1 Expression in Tumor Cells Under Normoxia and Hypoxia Following Irradiation

We compared the changes in PDL1 expression on tumor cell membranes 48 h after exposure to 4Gy physical dose photon (X4), proton (P4), or carbon-ion (C4) radiation under normoxia or hypoxia. The MFI of PDL1 was also detected by flow cytometry in each group. Representative flow cytometry images and statistical significance are demonstrated in Figure 5.
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FIGURE 5. Comparison of PDL1 expression under normoxia and hypoxia. Tumor cells were exposed to 4Gy physical dose photon, proton, or carbon-ion radiation. The expression level of PDL1 on the tumor cell surface was detected by flow cytometry 48 h after irradiation. Representative flow cytometry images of each group are shown in the half-offset histograms. The horizontal axis represents the fluorescence intensity of PDL1-PE, and the vertical axis represents the number of cells. The fold change of the MFI for each group relative to the control group (0Gy) is shown in the bar charts. Results are presented as mean ± s.d. Each experiment was repeated at least three times. Statistical significance of each irradiated group relative to the control group (0Gy) was indicated by asterisks. *p < 0.05, **p < 0.01, and ***p < 0.001.


The fold change of PDL1 expression in each irradiation group compared to the control group under normoxia and hypoxia are listed in Table 4.


TABLE 4. The changes in PDL1 expression for each irradiation group under normoxia and hypoxia.

[image: Table 4]The baseline PDL1 expression (0Gy, control group) of all tumor cell lines in hypoxic conditions was upregulated in comparison to those in the normoxic group. As shown in Figure 6, the PDL1 expression under hypoxia increased by 2.64-fold (95% CI: 2.04–3.25), 1.36-fold (95% CI: 0.84–1.89), 1.50-fold (95% CI: 1.03–1.98), and 1.28-fold (95% CI: 0.53–2.04) for Tca8113, Cal27, Ln229, and Ln18 cell lines, respectively.
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FIGURE 6. Comparison of baseline PDL1 expression under normoxia and hypoxia. The expression of PDL1 on the tumor cell surface was detected by flow cytometry. The MFI of each tumor cell line under normoxia and hypoxia is shown in the histogram. Results are presented as mean ± s.d. Each experiment was repeated at least three times. Statistical significance of the difference between cells under normoxia and hypoxia are indicated by asterisks. *p < 0.05, ***p < 0.001.


These results indicated that all types of radiation could increase the expression of PDL1 in all tumor cell lines except the Ln18 cell line under normoxic conditions, while under hypoxic conditions, the expression of PDL1 on tumor cells was upregulated at baseline (0Gy). Under these conditions, photon, proton, or carbon-ion radiation could not further increase PDL1 expression. Carbon-ion radiation could increase PDL1 expression more effectively than photon or proton radiation at the same physical dose under normoxia, but not under hypoxia. In some tumor cell lines, like Cal27 and Ln229, PDL1 expression may even be downregulated after exposure to carbon-ion radiation.



DISCUSSION

Oxygen plays an important role in the tumor response to radiotherapy, and the oxygenation profile of tumors tends to be very heterogeneous. Some tumors are well oxygenated while others are hypoxic (2). Even in different regions of a tumor, the oxygen concentration can be quite different (12). Thus, there can be normoxic and hypoxic regions within the tumor mass, and the extent of hypoxia varies. However, even a small amount of oxygen can be significant. When the oxygen concentration reaches 2%, the dose–response curve of the cell to radiation is no different from that observed in normoxic conditions. When the oxygen concentration is about 0.5%, the radiosensitivity of the cell is about half that in well-oxygenated conditions (7). Therefore, in this study, we used 0.5% oxygen concentrations to simulate the hypoxic environment in tumors. The normoxic group was exposed to around 21% oxygen. Here, we compared the expression of anti-tumor immunity-related molecules, CRT and PDL1, in response to different types of radiation in normoxic and hypoxic conditions.

The first section of this study compared the radioresistance of tumor cells in normoxic and hypoxic conditions to photon, proton, or carbon-ion radiation exposure. Colony formation assays and analysis of apoptosis indicated that tumor cells were significantly resistant to photon and proton radiation, although carbon-ion radiation still displayed effective cytotoxic effects toward tumor cells under hypoxia. In comparison to low LET radiation, like photon and proton, the cytotoxic effect of high LET radiation, like carbon ion, was less affected by hypoxic conditions. These results were consistent with previous studies concerning the OER of photon, proton, and carbon-ion radiation (9). As the OER value of carbon-ion radiation is lower than that of photon and proton radiation (1–1.5 vs. 2–3), the biological effects of carbon-ion radiation were not greatly affected by the oxygenation conditions. In addition to the difference in ionization effects (direct effect vs. indirect effect), different types of radiation can also produce different effects on the expression of radioresistance-related genes, like HIF1α. Worn et al. demonstrated that photon radiation could significantly upregulate HIF1α expression, while carbon-ion radiation did not induce increased HIF1α expression (13). HIF1α, as an important transcription factor, is involved in the expression of a series of downstream genes, such as vascular endothelial growth factor (VEGF). Thus, inhibiting HIF1α expression could significantly enhance the radiosensitivity of tumor cells (14, 15). In hypoxic conditions, there may be a synergistic effect between radiation and hypoxia on inducing HIF1α expression. Thus, the discrepant impacts on HIF1α upregulation by different types of radiation might partly affect the cytotoxic efficacy of radiotherapy, especially under hypoxia.

Photon, proton, and carbon-ion radiation could increase the expression of CRT in all four tumor cell lines in normoxic conditions. Consistent with our previous study, carbon-ion radiation could increase CRT expression compared with photon and proton radiation at the same physical dose (4Gy) (11). These results indicated that carbon-ion radiation might be able to enhance immunogenic cell death and enhance anti-tumorigenic responses compared with photon and proton radiation. When under hypoxic conditions, we found that the baseline (0Gy, group) CRT expression levels in the four tumor cell lines were significantly increased compared with those under normoxia. The expression level was upregulated by 2.21- to 4.27-fold for tongue squamous carcinoma cell lines, and by 1.18- to 1.63-fold for glioma cell lines (all p < 0.05). This upregulation of CRT expression might result from endoplasmic reticulum stress (ER stress) induced by hypoxia (16). When under the pressure of ER stress, large amounts of CRT (which is originally located in the endoplasmic reticulum cavity) would translocate to the surface of the cell membrane. Radiation can also induce ER stress mediated by reactive oxygen species (ROS) (17). Based on this study, CRT expression was not further increased by radiation compared with the control group in hypoxic conditions. Even carbon-ion radiation could not further increase the expression of CRT expression under hypoxic conditions. This phenomenon suggested that there might be an overlapping effect between CRT expression during hypoxia and radiation, which were both mediated by ER stress. The pressure of hypoxia induced abundant CRT translocation to the surface of the cell membrane and therefore radiation could not increase this further.

Previous studies have revealed that radiation could upregulate PDL1 expression (18, 19). The impact of radiation on PDL1 expression was thought to be related to DNA double-strand breaks (DSB) and the process of DNA damage repair (DDR) (20). Inhibiting key pathways within DDR, such as BRCA2 and Ku70/80, could result in a significant increase in PDL1 expression. We showed that all types of radiation could increase the expression of PDL1 under normoxia but carbon-ion radiation was the most effective. These results might be explained by the fact that carbon-ion radiation is capable of inducing more DSBs at the same physical dose (21, 22). However, for glioma cell line LN18, the expression level of PDL1 was downregulated to some extent, rather than upregulated after exposure to radiation. This suggested that PDL1 expression induced by irradiation may have cell specificity. Different tumors, even different subtypes, might have distinct PDL1 expression patterns in response to radiation, because of the discrepancy between radiosensitivity and DDR capacity. While under hypoxia, we observed that the baseline PDL1 expression was increased compared to groups under normoxia. Barsoum et al. reported that hypoxia could increase PDL1 expression in tumor cells through the HIF1α pathway, which resulted in the immune escape of tumors (6). Our current research showed that PDL1 expression was not further upregulated after exposure to radiation in hypoxic condition. In some irradiation groups, the expression levels of PDL1 were even downregulated compared with the control group. This could be because tumor cells exhibited radiation resistance under hypoxia. As such, the extent of DNA damage caused by radiation was reduced. As discussed previously, DDR was related to PDL1 expression, which may reflect the observed results. Additionally, the DDR process of tumor cells will also be altered under hypoxia (23–25). In some hypoxic tumor cells, the expression of homologous recombination repair (HRR) pathway-related genes, such as RAD51 and BCRA1, will be downregulated (26, 27), while the expression of non-homologous end-joining (NHEJ) pathway-related genes, such as ATM and DNA-PKcs, will be upregulated (28, 29). Regulation of DDR-related gene expression will also affect the radiosensitivity of tumor cells (30). Furthermore, for low and high LET radiation, the importance of distinct DDR pathways, like HRR and NHEJ, in response to DNA damage might be different. This might be another reason that the expression of PDL1 was different after exposure to photon, proton, or carbon-ion radiation under hypoxia.

In conclusion, this study compared the impacts of different types of radiation on CRT and PDL1 expression under normoxia and hypoxia. We found that carbon-ion radiation could increase CRT and PDL1 expression compared with photon and proton radiation in normoxic conditions. However, under hypoxia, the baseline expression levels of CRT and PDL1 were upregulated. Under these conditions, radiation could not further increase CRT and PDL1 expression. However, the underlying mechanisms regulating expression of these proteins have not been fully elucidated. In order to explore a therapeutic strategy that can overcome the immunosuppressive environment of hypoxia and enhance radiation-induced anti-tumorigenic responses, further studies are warranted, especially for the effective combination of immunotherapy and modern radiotherapy techniques, like proton and carbon-ion radiation.
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Cellular communication plays a crucial role in the coordination and organization of cancer cells. Especially processes such as uncontrolled cell growth, invasion, and therapy resistance (development), which are features of very malignant tumors like glioblastomas, are supported by an efficient cell-to-cell communication in the tumor environment. One powerful way for cells to communicate are tunneling nanotubes (TNTs). These tiny membrane tunnels interconnect cells over long distances and serve as highways for information exchange between distant cells. Here, we study the response of cellular communication via TNTs in U87 glioblastoma cells to homogeneous irradiation with α-particles as a stress factor. We describe the development of TNT networks in certain time steps after irradiation using confocal live-cell imaging and suggest an evaluation method to characterize these communication networks. Our results show that irradiated cells establish their network faster and have more cell-to-cell connections with high TNT content than sham-irradiated controls within the first 24 h. These findings suggest that there is an additional trigger upon radiation damage which results in fast and intensive network formation by TNTs as a radiation damage response mechanism.
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INTRODUCTION

Glioblastomas are one of the most common and most aggressive brain tumors, which are characterized by their high invasiveness and recurrence. Despite multimodal treatment, patients have a median survival of no more than 15 months and show a five-year survival rate below 10% (1–3). This poor prognosis is a result of the aggressive nature of glioblastomas composed of genomic instability, uncontrolled cellular proliferation, intratumoral heterogeneity, resistance to apoptosis, and high diffuse infiltration rates into the surrounding tissue (4–7). Due to these features, glioblastomas exhibit a considerably high chemo- and radioresistance, and despite extensive research on glioblastoma treatment, the responsible mechanisms for the aggressive nature are poorly understood or even unknown.

Radiotherapy is, besides surgery and chemotherapy, mostly in combination with one or even both, the treatment of choice for glioblastoma for ∼50% of all treated tumors worldwide (8, 9). The aim of radiotherapy is to specifically exploit the harmful effects of radiation in order to stop the proliferation of tumor cells but to protect healthy tissue as much as possible at the same time. For this purpose, it is indispensable to comprehend how radiation affects tissues and organisms and to understand the principle mechanisms occurring in cells upon radiative exposure. From a molecular biological point of view, ionizing radiation affects cellular life by depositing energy in cells, which causes breakages of chemical bonds. Therefore, proteins, lipids, genetic material, as well as other cellular components can be damaged by radiation. A critical damage for the survival of cells is the DNA double strand break (DSB), in which the DNA, the carrier of the genomic information, is completely severed (10). An erroneous repair of this type of damage can lead to cell death or mutation and consequent tumor formation. However, in cellular networks such as tissues, not only DNA damage in the single cells but also intracellular signal transduction as well as cell-to-cell communication play key roles in the damage response. It has been observed that irradiated cells send signals to neighboring cells, thus influencing the cellular survival of these cells, too. This communication can lead to so-called non-targeted effects such as the bystander effect, in which non-irradiated cells show biological radiation response due to signal-transfer from neighboring, irradiated cells (11, 12). In contrast, it was also reported that healthy cells can transport organelles, proteins, or signals to damaged cells in order to support repair and cell survival (13–16). In both cases, cell-to-cell communication directly influences the biological effects to the tissue and therefore to the organism caused by radiative stress. The underlying mechanism as well as the question of to what extend cellular communication affects the cell survival and genetic alterations after irradiation remain obscure (17). During evolution, cells developed several approaches to communicate. In 2004, a new kind of intercellular communication was reported and termed tunneling nanotubes (TNTs) (18). TNTs are thin membrane channels with a diameter in the nanometer range that directly connect cells over long distances up to 100 μm (19). They facilitate the direct cell-to-cell transfer of several cargoes such as organelles, viruses, and signals (20). Membranous connections between cells are not only found in vitro; such communication networks also occur in vivo (16, 21, 22). It was shown that especially in glioblastomas, membrane tunnels can form complex communication networks which have several biological functions and are responsible for enhancing tumor progression, radio- as well as chemoresistance (23). Furthermore, TNTs are more frequently found under a wide range of stress conditions including hypoxia (24, 25), serum starvation (22), infection (26), inflammation (21, 27), toxic treatment (28), UV- (15), and X-ray- (16), and particle-irradiation (29). Thus, it is strongly suspected that TNTs are highly linked to stress response and are triggered by stress alarm signals. For these reasons, cellular communication along these versatile, flexible membrane bridges might be a promising target for cancer treatment, especially for highly migratory and invasive tumors like glioblastomas which have a poor prognosis. A better understanding of the direct cellular response to radiation via TNTs might help to improve radiation therapies. New therapy approaches can be developed which influence the transfer of signals or the network itself. These drugs may be able to amplify the cell killing effect in the tumor environment. Also rescue of damaged healthy tissue can be a target of this kind of new therapy approaches.

Here, we study the response of TNT communication networks in glioblastoma cells on radiative stress induced by α-particle radiation. In this context, two essential questions are addressed: whether TNT communication networks are indeed influenced by particle radiation and if cellular communication is enhanced due to radiation exposure. Furthermore, we were interested in characterizing the complexity and strength of the cellular network formed by TNTs. We therefore developed an analysis method for TNT networks in vitro for a quantitative analysis of cellular communication via TNTs. Here, the TNT network is analyzed by addressing parameters regarding cell-to-cell connectivity and TNT density within one connection. Cells are classified into isolated cells, which are not involved in the network, and connected cells, which contribute to the network. Cell-to-cell connections are subdivided into simple and complex connections with respect to the number of TNTs they consist of in order to dissolve the strictness of the individual connections. With this method, it is possible to comprehend direct cellular communication response to radiation and to gain insight into the influence of cell-to-cell communication on the survival of cells and their behavior upon radiation.



MATERIALS AND METHODS


Cell Culture and Irradiation

The human U87 (ATCC, HTB-14) glioblastoma cell line was kindly provided by the Institute for Radiation Medicine (Helmholtz Zentrum München GmbH, 85764 Neuherberg, Germany) and cultured in DMEM, high glucose medium (Sigma-Aldrich) supplemented with 10% FCS and 1% Penicillin/Streptavidin at a temperature of 37°C (100% humidity, 5% CO2). One day before irradiation, cells were seeded on round, high precision glass coverslips with 25 mm in diameter and a precise thickness of 170 ± 5 μm (Marienfeld, 150,000 cells/well). The cells were irradiated by α-particles using an Americium-241 source with an activity of 0.37 GBq, resulting in a dose rate of 0.12 Gy/min. The irradiator was built and calibrated by Roos and Kellerer (30) and ensures a homogenous dose distribution. We did further calibration using CR39 nuclear track detectors to precisely get the dose rate of 0.12 Gy/min (7). The functionality is ensured by measurements using dosimeters during the whole irradiation period. When reaching the cell layer, the α-particles have a reduced energy of 1.4 MeV which corresponds to a LET of 200 keV/μm. The cells were irradiated for 10 minutes resulting in a final dose of 1.2 Gy. This was the maximum possible dose for irradiation. Cells needed to be irradiated without medium coverage, and at 10 min the layer was reduced to zero (see Supplementary Figure 1). If cells would be kept longer, they would dry out and cell death would occur. The used dose is comparable to the dose of 1.3 Gy, which was used in a previous study, where cell survival and invasion of glioblastoma was studied using α-particle radiation (7). After irradiation, the cells were further cultured in fresh medium at 37°C, 100% humidity, and 5% CO2 until evaluation. The experiment was conducted 3–4 times with one sample each. At 72 h for the sham-irradiated control, only two samples worked.



Plasma Membrane Staining and Live-Cell Confocal Imaging

After post-irradiation incubation of 1, 6, 24, and 72 h, the cells were labeled with a 1.5X CellMask Orange plasma membrane stain solution (Thermo Fisher Scientific) for 10 min at 37°C, 100% humidity, and 5% CO2, resulting in a stable, homogeneous fluorescence labeling of the plasma membrane in living cells.

For live-cell confocal imaging, a custom-made live-cell imaging container and a confocal microscope (Leica TCS SP8 3X) were used. Sample, microscope stage, and microscope were kept at a constant temperature of 37°C by a climate chamber. The excitation laser wavelength for CellMask Orange was 554 nm, with a detection range of 567–635 nm. Laser power for the excitation laser was in the range of 5 mW. In order to record a large area with best resolution, mosaic images were acquired using a 100× oil objective (Leica HCX PL APO 100x/1.4 Oil), resulting in a lateral resolution of 250 nm and an axial resolution of about 600 nm. Per sample, 100 partial images with an overlap of 20% were acquired and collected together to create one final merged image. This image has a size of about 670 μm × 670 μm. Each final merged image contains between 30 and 200 cells per sample. All samples were acquired in z-stacks with a step size of 400 nm and a pixel size of 40 nm. Live-cell imaging was preferred to cell fixation in order to avoid TNT breakage and distortion (18). The cells were scanned bidirectionally and with a scanning speed of 600 Hz to ensure a fast image acquisition, which reduces movement artifacts and stressing of the cells caused by long light exposures. Additionally, the complete image acquisition duration was kept under 1 h to ensure as few network changes as possible during image capture.



Statistical Analysis

For resolving significant differences, the two-sample t-test (GraphPad QuickCalcs) was used and a p-value of ≤ 0.05 was considered statistically significant.



RESULTS

To our experience, TNTs can be formed at any time in a cell culture. However, the amount of TNTs or rather the cell-to-cell connectivity established by TNTs can vary and depends on the current stress level of the cells. One aim of this pilot study was to design a network analysis method, which enables researchers to trace the development of a TNT communication network in living cells. We applied this method on α-particle irradiated cells. Irradiation was performed using 1.2 Gy, which was the highest dose possible with this imaging setup and is comparable to the dose used in previous studies on the reaction of glioblastoma to α-particle radiation (7).


Network Analysis Method

The analysis method can be followed in Figure 1: In the first step of the evaluation, each cell was located and marked by a black dot in a transparent copy of the respective sample (Figure 1A). Here, the original picture is faded in the background and the cells are visible as bright structures. In the second step, the TNT connections between the cells were tracked and the determined number of connections was drawn as a color-coded line in the respective transparent copy (Figures 1B,C). TNTs were counted by hand while scrolling through the image and looking at each cell separately. For evaluation, it was distinguished whether the cells were connected by 1–2 or more than 2 tubes. Connections containing 1 or 2 tubes are referred to as simple connections, whereas those consisting of 3 or more tubes are referred to as complex connections (Figure 1B). The underlying idea of the differentiation of connections according to the tube density is that the exchange of signals and cargoes is enhanced when more tubes are available for the transport (31, 32). Thus, it reveals the strength of the individual connection. A partition into more than two subgroups, e.g., each TNT number alone, was not recommended because connections containing exactly 2, 3, of 4 tubes were rarely present (see Figure 1C and Supplementary Table 1) independent of treatment and time. Furthermore, at a TNT number of 5 or higher, the individual TNTs inside the connections can be so close together that they are not distinguishable anymore and, therefore, not countable. Thus, a classification of connections into two (simple and complex) instead of more subgroups was used for a quantitative evaluation. Maximum projections of a very dense tube connection and a single tube connection are shown in Figures 1D,E, respectively. These are the corresponding enlargements of the selections marked by red frames in Figures 1B,C.


[image: image]

FIGURE 1. Evaluation method of the TNT network. (A) Drawn picture of one sample. The original image is transparent in the background where the cells are visible as white structures. Each cell is marked as a black dot. (B,C) TNT connections between the cells are drawn as colored lines. The colors represent the different tube density per connection. Connections containing 1–2 TNTs are referred to as simple connections whereas connections consisting of more than 2 TNTs are referred to as complex connections. The enlargements correspond to the respective selection indicated with red frames, showing a dense tube connection (D) and a single tube connection (E). These two images are maximum projections of the corresponding confocal z-stacks. Scale bars: (A–C) 50 μm, (D,E) 5 μm.


With this method, the connection frequency per cell, subdivided into the corresponding tube density within the connection, can be determined. This is done by counting the respective colored lines. Additionally, one can identify how dense the cells are connected among each other. This cell-to-cell connectivity can be studied by counting the connected lines at each dot, in other words, by counting the number of cells to which the currently viewed cell is connected. With these measured variables it is possible to make qualitative and quantitative statements of the cellular communication systems composed of TNTs.

The TNT networks were evaluated at several times in order to comprehend possible communication stages during the recovery phase after irradiation. Finally, the irradiated samples were compared to sham-irradiated controls as reference to establish the impact of radiation on TNTs.



Temporal Development of Cell-to-Cell Connectivity

A cell is considered a connected cell if it has at least one connection. With growing time, the fraction of connected cells increases significantly in both groups, irradiated and non-irradiated samples (Figure 2). At 1 h after irradiation, both groups have the same quantity of connected cells (44% ± 9% in irradiated and 42% ± 5% in sham-irradiated cell populations). After the total observation time of 72 h, the fraction of connected cells increases to values of (84 ± 2)% in irradiated cell populations and (88 ± 2)% in sham-irradiated controls. However, it is also recognizable that this development happens with different speeds in the respective cell populations. Irradiated cell populations increase their fraction of interconnected cells faster than sham-irradiated control populations. Six hours after irradiation, a significant difference (p < 0.05) between the fractions of interconnected cells of irradiated (79 ± 5%) and sham-irradiated controls (61 ± 5%) is visible. Irradiated cell populations show almost twice as many connected cells (79 ± 5%) compared to 1 h after irradiation (44 ± 9%). After this jump within the first 6 h after irradiation, this value does not change much during the remaining observation time, staying at a fraction of about 85% of all cells that are connected to at least one other cell. In contrast, the fraction of connected cells in sham-irradiated controls seems to grow more continuously and not volatile. After 24 h, the difference between irradiated and sham-irradiated cells is not significant anymore. After 72 h, the connectivity of both groups equaled completely to the level of about 85% connected cells.
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FIGURE 2. Temporal development of the cell-to-cell connectivity. Mean values ± SEM are shown. A p-value ≤ 0.05 is indicated by *.


When considering this development, we asked ourselves whether different cell densities play a role in the characteristic of the TNT network. In Figure 3A the average cell densities for both groups at the four incubation times are shown. In contrast to the temporal development of the cell-to-cell connectivity (Figure 2), there is no noticeable steady growth of the cell density over time. The average cell densities for sham and irradiated samples at one time-point are comparable, except for 24 h. Here, the cell density of the irradiated samples is much higher than that of the sham-irradiated controls. For a detailed analysis, we directly looked at the single samples. For comparison, the cell density for each sample for 1 h is shown in Figure 3B and for 24 h in Figure 3C. The 6 and 72 h are shown in Supplementary Figure 2. One hour after (sham-) irradiation, the sham-irradiated controls all have a similar cell density, whereas the irradiated samples have two low and two high cell densities. However, in the two samples with a higher cell density no trend toward a higher cell-to-cell connectivity is visible, as one sample has a low fraction and one a high fraction of connected cells. For 24 h the effect that the cell density does not play a specific role in the cell-to-cell connectivity is even more pronounced. Here, all samples show similar fractions of connected cells independent of irradiation status and cell density. Overall, the cell densities of the individual samples differ from one another, but there is no concrete correlation between cell density and fraction of connected cells identifiable. Samples with a higher cell density do not show a significant rise of the cell-to-cell connectivity. Only with growing time the fraction of connected cells steadily increases, traceable in Figure 2 and when comparing the fraction of connected cells at 1 h (Figure 3B) and 24 h (Figure 3C), where the cell-to-cell connectivity grows from 43 to 81%, respectively.


[image: image]

FIGURE 3. Impact of the cell density in the development of the TNT network. (A) Average cell densities of sham- and irradiated samples at different incubation times. Mean values ± SEM are shown. Analysis of the fraction of connected cells within irradiated and sham-irradiated samples in dependence of the cell density for the times 1 h (B) and 24 h (C). Each dot represents one sample.




Temporal Development of Complexity of the Connections

In Figure 4, the temporal development of the distribution between the two kinds of connection, simple and complex, for irradiated and sham-irradiated samples is shown. The frequencies are normalized to the overall number of connections found in the respective sample. Regardless of time and treatment, there are always more simple than complex connections. However, the exact distribution of the different connection types is neither independent of time nor treatment. Up to 6 h after (sham-) irradiation, the partitioning of the connections is the same for irradiated and sham-treated samples. Thereby, an average frequency of 0.66 ± 0.01 for simple connections and 0.34 ± 0.01 for complex connections was observed. However, at an incubation period of 24 h, there are significant differences regarding the proportion of simple and complex connections: Non-irradiated cells exhibit much more simple connections than irradiated cells (p < 0.05). Consequently, more complex connections are found in the irradiated samples than in the control samples. After three days, the proportions for irradiated and sham samples converge again. In the irradiated cell populations, the proportion of complex connections with more than two TNTs and therefore network strength increases significantly from 1 to 24 h after irradiation, remaining at this level for the next two days until the end of incubation. In sham-irradiated samples, the complexity of connections is largely constant over the first 24 h and then increases significantly in the following 48 h.
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FIGURE 4. Temporal development of the proportion of simple and complex connections in irradiated and sham-irradiated cell populations. Those frequencies are normalized to the total number of found connections. Mean values ± SEM are shown. A p-value ≤ 0.05 is indicated by *.




Temporal Development of the Fraction of Highly Connected Cells

When considering the temporal development of the fraction of cells which are at least connected to two or more cells and thus highly connected into the network, a lower connectivity is recognizable for sham-irradiated controls compared to irradiated samples only at 24 h after (sham-) irradiation (Figure 5). In 1 and 6 h after (sham-) irradiation, irradiated and sham-irradiated samples exhibit nearly the same proportion of highly connected cells. This behavior changes at an incubation time of 24 h. At this time, the amount of highly connected cells increases further in irradiated cell populations to a value of 48 ± 16%, whereas untreated cell populations seem to exhibit a small decrease of this cell fraction to 24 ± 12%. This difference vanishes again after 72 h, where the fractions of highly connected cells align with each other, reaching values of 54 ± 5% and 57 ± 2% in irradiated and sham-irradiated cells, respectively. During the complete observation time, the number of highly connected cells increases in both groups, sham- and irradiated.
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FIGURE 5. Temporal development of highly connected cells which are interconnected to two or more cells. Mean values ± SEM are shown.




DISCUSSION

The presented data show that both irradiated and non-irradiated cells expand and upgrade their communication network during growth, visible by more complex connections, i.e., higher number of TNTs per connection, and higher cell-to-cell connectivity, i.e., more cells connected to at least one other cell as well as more cells connected to several other cells, 72 h after (sham-)irradiation. However, irradiated cells establish their TNT communication network faster than sham-irradiated cells. The fraction of cells that are connected to at least one other cell and thus involved in the network jumps to a higher level in irradiated samples than in sham controls between 1 and 6 h after irradiation. Sham-irradiated cell populations show a more continuous network growth and the same connectivity of about 85% that irradiated samples show at 6 h are only reached after about 24 h.

These findings suggest that there are different triggers inducing the TNT formation in irradiated and non-irradiated cells. It seems that in irradiated cells, the TNT formation and the development of the cellular communication network is accelerated by an additional mechanism, which is not active in the sham-irradiated cell populations. With this faster development of their TNT communication network, irradiated cells may be able to deal with the radiative stress and to trigger survival mechanisms.

TNT formation can be realized by cell dislodgement after cell-to-cell contact or by filopodia growth (33). We have observed and recorded that TNT formation in U87 cells occurs via cell dislodgement (Supplementary Figure 3), but this does not exclude that TNT formation can additionally be realized by filopodia growth in U87 cells. It might be possible that selective TNT formation is realized by filopodia growth and the usual communication network is established by cell dislodgement after cell division or encountering of cells. Therefore, it could be possible that the communication network in cells is enhanced upon irradiation and an additional mechanism causes an increased triggering of TNT formation by filopodia growth. This would explain the immediate rise of the fraction of interconnected cells within 6 h in irradiated cell populations. The release of stress signals into the medium, originating from the irradiated, stressed cells, could induce filopodia growth and lead to an orientated TNT formation.

After this immediate jump, the networking cell fraction of about 85% does not change further in irradiated cell populations during the complete observation period of up to 72 h, suggesting that after 6 h the additional triggering of TNT formation is attenuated or a saturation regarding the development of the TNT network has been reached.

In almost all cellular communication networks there are cells that are interconnected with several cells, i.e., more than one other cell. This portion of cells can be considered as an indicator of the complexity of a communication network. Here, more highly connected cells tend to be present in irradiated samples than in controls after 24 h. Additionally, there are significantly more complex connections found in irradiated cells than in sham-irradiated controls at this point of time. After the expansion of the TNT network within the first 6 h by involving as many cells as possible, the focus is now on condensing and strengthening their network. By contrast, the sham-irradiated samples build their network more slowly and are non-complex, mostly by the formation of simple tube connections to one other cell.

After three days, irradiated and sham-irradiated samples have aligned themselves and exhibit the same values regarding fraction of connected cells, average and distribution of the number of connections per cell (Supplementary Figure 4 and Supplementary Table 1), as well as proportion of simple and complex connections. This suggests that the additional triggering of TNT formation in irradiated cells has been stopped and the network is not further expanded and strengthened by the irradiated cells at a certain point. This might be due to a saturation in the establishment of the TNT network or because irradiated cells are no longer able to further expand their communication network. Furthermore, the fact that most repair processes (about 88% γ-H2AX fluorescence decay) are finished 48 h after high-LET irradiation (34) can lead to a stop of oriented TNT formation. Additionally, remaining TNT connections to apoptotic cells, which cannot be rescued, might become detached to isolate these irrecoverable cells, similar to the model proposed by Rustom (35). Consequently, it would be interesting to evaluate incubation times longer than three days, to figure out if the controls are further able to expand and strengthen their network and thus will pass the irradiated cells. If this is true, it would demonstrate that cells are hampered in their communication via TNTs by irradiation.

Overall, the aim of this small sample pilot study was to determine whether there are any differences in cell communication by TNTs between irradiated and non-irradiated cells. The findings demonstrate that the communication network via TNTs is influenced by irradiation and its establishment is accelerated. Irradiated cells build up and condense their communication network faster than non-irradiated cells within the first 24 h. However, after this period the controls catch up and are equal again within 72 h after (sham-) irradiation.

With our analysis method for investigating TNT networks, it is possible to follow and draw quantitative conclusions about the cellular communication along these tiny tunnels. In the literature, scientists often count each individual TNT and define parameters like the “TNT index,” which gives the number of TNT per cell (36, 37). However, when considering glioblastoma cells such as U87 cells, which can have very dense cell-to-cell connections consisting of many indistinguishable TNTs, counting of each individual TNT is sometimes even impossible. Additionally, it has been reported that a higher number of TNTs between two cells leads to an amplification of electrical signals (31, 32). Thus, one can assume that a cell-to-cell connection with a higher TNT density is probably more efficient for exchanging many cargoes in a short period than a connection by only a few TNTs. In this context, we think that a differentiation between cell-to-cell connections with a high or low TNT density is more appropriate than counting each individual TNT.

A major challenge in investigating the response of cellular communication via TNTs to stress occurs due to the fluctuations of cell density. Since TNTs can be formed after direct cell-to-cell contact, one could imagine that more TNTs can be found in denser cell populations than in non-confluent. In this study, U87 cells were cultivated for 72 h, leading to a higher cell density due to growth compared to the cell density directly after irradiation. Also seeding of the cells causes unpredictable, inhomogeneous gaps between the individual cells as the U87 cell line used in this study does not grow in homogeneous monolayers but tends to cluster in bulks. Thus, in one sample there can be areas with a very high cell density and areas with a very low cell density. To exclude a bias coming from selection of distinct locations, the imaged positions were randomly chosen. Consequently, very high local differences in the cell density can occur. However, the temporal development of connected cells (see Figures 2, 3) reveals that the cell-to-cell connectivity increases, although the cell density does not change significantly. Therefore, we assume that the cell density has only a subordinate role in the TNT establishment. Nevertheless, it would be beneficial to have similar cell-to-cell distances when studying the role of TNTs in stress conditions.



CONCLUSION

In this work, we introduced a method to examine TNT networks in vitro in a quantitative and qualitative manner with the aim to obtain a better understanding of cellular communication networks. Furthermore, we figured out that the cellular communication via TNTs is influenced by radiation in U87 glioblastoma cells. This could mean that there may be an additional mechanism which causes the irradiated cells to form TNTs faster and more frequently than normal. It might be that irradiated cells release signal molecules into the medium which can lead to an increased TNT formation by filopodia growth. Additionally, our results show that irradiated U87 cell populations have more complex connections consisting of several TNTs as compared to non-irradiated cell populations after 24 h. This could signify that the irradiated cells strengthen their TNT network more intensively than non-treated cells. This probably indicates an increased communication via TNTs with the idea that the more TNTs, the more cargoes can be transferred at the same time. However, this hypothesis remains to be proven. After 72 h of incubation, our results suggest that the most features of the TNT network are the same again for both irradiated and non-irradiated samples.

For obtaining an even better understanding of how cellular communication via TNTs is involved or activated after exposure to radiation, it is necessary to perform live-cell imaging videos of TNT formations in irradiated and non-irradiated cells. Here, cell-tracking of single cells would be beneficial. It is also important to find out whether cell dislodgement or division leads to the formation of one single TNT or to several densely packed TNTs. Furthermore, it is essential to identify the transferred cargoes along the TNTs, since this would provide a better understanding of the interfering mechanisms of cell-to-cell communication and would be the evidence that there is indeed an exchange of information via TNTs after irradiation.

Overall, intercellular communication via TNTs seems to play an important role in the response of glioblastoma cells to radiation. A better understanding of the mechanisms and the biological functions behind these communication networks could help to improve the treatment of these aggressive tumors in the future.
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Neutron therapy was developed from neutron radiobiology experiments, and had identified a higher cell kill per unit dose and an accompanying reduction in oxygen dependency. But experts such as Hal Gray were sceptical about clinical applications, for good reasons. Gray knew that the increase in relative biological effectiveness (RBE) with dose fall-off could produce marked clinical limitations. After many years of research, this treatment did not produce the expected gains in tumour control relative to normal tissue toxicity, as predicted by Gray. More detailed reasons for this are discussed in this paper. Neutrons do not have Bragg peaks and so did not selectively spare many tissues from radiation exposure; the constant neutron RBE tumour prescription values did not represent the probable higher RBE values in late-reacting tissues with low α/β values; the inevitable increase in RBE as dose falls along a beam would also contribute to greater toxicity than in a similar megavoltage photon beam. Some tissues such as the central nervous system white matter had the highest RBEs partly because of the higher percentage hydrogen content in lipid-containing molecules. All the above factors contributed to disappointing clinical results found in a series of randomised controlled studies at many treatment centres, although at the time they were performed, neutron therapy was in a catch-up phase with photon-based treatments. Their findings are summarised along with their technical aspects and fractionation choices. Better understanding of fast neutron experiments and therapy has been gained through relatively simple mathematical models—using the biological effective dose concept and incorporating the RBEmax and RBEmin parameters (the limits of RBE at low and high dose, respectively—as shown in the Appendix). The RBE itself can then vary between these limits according to the dose per fraction used. These approaches provide useful insights into the problems that can occur in proton and ion beam therapy and how they may be optimised. This is because neutron ionisations in living tissues are mainly caused by recoil protons of energy proportional to the neutron energy: these are close to the proton energies that occur close to the Bragg peak region. To some extent, neutron RBE studies contain the highest RBE ranges found within proton and ion beams near Bragg peaks. In retrospect, neutrons were a useful radiobiological tool that has continued to inform the scientific and clinical community about the essential radiobiological principles of all forms of high linear energy transfer therapy. Neutron radiobiology and its implications should be taught on training courses and studied closely by clinicians, physicists, and biologists engaged in particle beam therapies.
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INTRODUCTION

To understand the motivation for neutron therapy and its research history, readers from different academic backgrounds require a good working knowledge of radiobiology, as well as insights into the historical development of x-ray (or photon)—based radiotherapy. This is important because fast neutron therapy was essentially competing with best practice using x-rays (or photons).

This review focuses on the clinical radiobiology aspects of fast neutron therapy, which considers the interaction between radiobiology discoveries and their applications in treatment, with radiobiological modelling used not only as analytical tool, but also as a guide to clinical practice. It is not meant to be a comprehensive review of treatment results or the quite separate topic of experimental neutron radiobiology.

It is essential to consider the progressive technical development of photon-based treatments (most of which have been beneficial), as well as the present shift to greater use of charged particle therapy and place neutron therapy within these different radiation modalities. Neutrons are hadrons and are sometimes included within the general concept of hadron therapy, which can cause confusion because neutrons have no electrostatic charge. Readers should be aware of the important aspects of dose distribution for neutrons and photons (a progressive attenuation with tissue distance or depth) but that protons and ions have Bragg peaks due not only to their charge but also a velocity reduction along particle tracks. The term fast neutrons refers to neutrons that have sufficient energy to cause recoil protons that ionise materials. They should be distinguished from very low energy thermal neutrons found in nuclear reactors.


A Brief Synopsis of External Beam Radiotherapy Development

In order to compare the effectiveness of neutrons with x-rays (photons), the following information must be understood, especially the fact that more sophisticated technical developments in treatment delivery occurred sooner in the case of x-rays than with neutrons. Technical developments were mainly based on the achievement of higher photon energies, which increased the range or tissue depth, while also for megavoltage photons reducing the skin or entry dose before attaining full secondary electronic equilibrium at the maximum dose, followed by pseudoexponential attenuation with increasing tissue depth. Increasing the photon energy to the megavoltage range was also accompanied by more uniform tissue attenuation depending on the electron density rather than the actual atomic composition at lower energies. Improvements in imaging techniques further improved radiotherapy targeting, and it became possible to superimpose radiation depth dose curves in three-dimensional (3-D) space on the relevant scan or even combination of fused scan images.

During the 1950s and 1960s, external radiation beams progressed to the megavoltage energy range by use of 60-cobalt units and later increasing use of electron linear accelerators, which depended on the cavity magnetron principles originally used in radar applications (1).

With such competition, the already existing cyclotron accelerators were only rarely used for clinical neutron applications until a later time. For example, acceleration of protons onto beryllium targets to produce fast neutrons for experimental and clinical studies (2). Megavoltage photon radiation produced improved depth dose curves, enabling deeper seated tumour to be treated and with fewer beams, thus reducing the integral dose compared to when lower voltage beams were used.

Along with the computing advances mentioned previously, during the 1990s it became possible to shape each individual beam in order to match the clinically defined target by introducing variable strips of shielding metal in the accelerator collimation system. This became known as conformal radiotherapy. A UK randomised clinical trial showed that normal tissue side effects were reduced because of the large reduction in normal tissue volume irradiated to a high dose but without a reduction in prostate cancer tumour control with long-term analysis (3). The beam control possibilities improved further by using the multileaf collimator (MLC) to vary the beam intensity along its profile: this became known as intensity-modulated radiotherapy (IMRT), which further improved the degree of dose conformity to the defined target volume. Again, randomised studies of IMRT showed significant improvement of parotid gland function while treating head and neck cancer (4). However, in order to achieve the best available conformity to the target volume, the net effect was to increase the amount of tissue exposed to medium or lower doses, with some potential for causing more subtle later effects such as cancer induction or late vascular effects over subsequent time periods of 5 to 30 years. More recently, developments include robotically controlled small linacs, offering rapid changes in beam direction and intensity modulation of beamlets, which can further improve the conformity index and can be used with more precise body immobilisation techniques and state-of-the-art image guidance techniques (5). These treatments, depending on the dose distributions achieved, can be given in fewer treatments (hypofractionation) or even in a single session (often referred to as radiosurgery) (6).

Over the past two decades, and from a small initial base, there has been an expansion in cyclotron or synchrotron acceleration to deliver protons and light ions for cancer therapy in more than 100 hospitals worldwide (7, 8). These positively charged particles with their Bragg peaks whose tissue depths can be controlled by good energy selection coupled with detailed imaging, so that preferential energy deposition can occur in the selected cancer volume and its immediate surroundings.

Figure 1 shows the relative time frames of x-rays–based and neutron therapy along with its associated radiobiology.
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FIGURE 1. Approximate time frame for neutron research and therapy indicated by blue with x-ray/photon developments in yellow.




Biological Effects

The above discussion has been concerned with the physical aspects of radiotherapy, but the important biological effects must be considered next. Neutrons have higher biological effects, quantified by the relative biological effectiveness (RBE) concept. RBE is the ratio of the dose of the reference radiation divided by the dose of the neutron radiation for the same biological effect. It follows that the reference radiation dose must be divided by the RBE in order to provide the equivalent (and lower) neutron dose, as shown:
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Research studies showed that the biological effects of photon radiation varied not only with dose but also the dose rate, the degree of dose fractionation (in which the dose can be split in time into different treatment sessions), the chemical environment of the cells (some chemicals protecting and others sensitising radiation by influencing the yield of free radicals), and also the “quality” of the radiation. The latter refers to the linear energy transfer (LET) characteristics of a radiation, which depends not only on the nature of the radiation (e.g., photon or hadron), its energy (lower energies confer higher LET), and the total nuclear electrostatic charge given by the Z number of each element. Photons ionise by means of electronic interactions, forming secondary electrons in matter. Lower energy electrons converted by 10 to 100 keV photons have higher LET and biological effects than those in the megavoltage range (9).



Physical Interactions of Neutrons With Matter

Neutrons do not interact with atomic electrons like photons do, but instead the uncharged fast neutrons efficiently interact with hydrogen nuclei, producing recoil protons that ionise. As well as water, other biological macromolecules containing a relatively high proportion of water hydrogen include lipids and lipoproteins, so that neutrons will deposit more energy in tissues that contain, for example myelin and sphingomyelin in brain and spinal cord white matter, and of course in body fat. Fatty tissue contains long fatty acid chains CH3-(CH2)N-COOH, and exists in the connective tissues that surround many organs of the body and through which the vital blood vessels pass. The abdomen contains a large intraperitoneal fat pad called the omentum, which is in intimate contact with the bowel. The KERMA (kinetic energy released per unit mass) in lipid-containing tissues can exceed that in water, which contains a relatively high proportion of hydrogen (11.1% by weight), resulting in increased local dose and bioeffectiveness. Previously published data from a detailed study (10) were combined to show a linear relationship between the percentage of hydrogen (%H) contained in some materials and tissues and KERMA. The increase in KERMA is ~8.8% per unit increase in the %H as shown in Figure 2.


[image: Figure 2]
FIGURE 2. Plot of percentage hydrogen (by weight) and KERMA for a range of materials and tissues exposed to five different fast neutron beams. Standard errors are not shown for individual points since they are small (average 0.78, the largest being 2.1 for bone). Data obtained from Awschalom, Rosenberg & Mravca (10).





NEUTRON THERAPY AND RADIOBIOLOGY

Some general comments are appropriate at this stage in order to fully appreciate the issues discussed below. Experts tend to be dismissive of the history of fast neutron therapy, because of the disappointing clinical outcomes, and many clinical specialists were afterwards sceptical about using any form of particle therapy emerging from a cyclotron. To understand this topic fully, the radiobiology and therapy have to be taken together, with a later description of advances in the radiobiological understanding, which occurred that followed with time.


Why Study Neutron Therapy and Radiobiology?

It is now vital that lessons learnt from fast neutrons' radiobiology experiments and from the clinical trials are acknowledged and that these invaluable data should be part of the essential background required for making progress with other hadrons (protons and ion beam therapy). Ignoring the facts that have emerged may lead to a repetition of disappointing clinical results and eventual reduction of referrals for proton and ion beam therapy. It is vital to understand that most of neutron ionisation occurs from recoil protons, as well as some nuclear fragments, so their radiobiological features, including their RBE values, will be similar to those of a proton beam in the Bragg peak region where the LET and dose increase substantially. This fact has not been sufficiently well-recognised within the proton therapy community until very recently (11, 12), and RBE values in the fast neutron range have been found at the end of spread-out Bragg peaks in the human lung (13). These aspects should be borne in mind when reading the remainder of this review, where it will become apparent that RBE issues cannot be dismissed lightly in any form of particle therapy.



The Historical Case for Neutron Therapy

The medical rationale for fast neutron therapy of cancer was based on initial scientific in vitro experimental evidence of more efficient cell killing per unit dose and a reduced dependency on tissue oxygen tension. The history of neutron therapy illustrates the problems that can arise when partial scientific knowledge is used in an attempt to improve the treatment of a complex biological condition such as cancer; it is self-evident that the sterilisation of cancer cells by a radiation technique in an in vitro laboratory experiment is more likely to be successful than the elimination of a malignant tumour situated close to essential organs/tissues of the body. For future radiotherapy developments, particularly the use of proton and ion beam therapy, this history is important.

In 1940, Gray et al. (14) had shown that it was possible to achieve the same level of biological effect with a lower dose of neutrons than with γ- or x-rays. This difference was quantified by the RBE. Fast neutron RBE values of 1.5 to 5 were found in a variety of biological systems (bacteria, plants, transplanted animal cancers). The immediate inference was that neutrons would be ideal for cancer therapy, yet the first human treatments in the United States (again in the early 1940s) showed marked toxicity, because the relationship between the exposure dose and RBE had not yet been identified (15). Gray remained sceptical and realised that neutron therapy may not be successful because of the spatial changes in RBE, which would inevitably occur within the human body. He knew that RBE was inversely related to dose, so that dose fall-off with distance along a neutron beam would inevitably be accompanied by higher RBE values in normal tissues beyond any cancer target, as shown in Figure 3. His opinion on neutrons had devastating personal consequences for radiobiology and radiotherapy, because he was dismissed from his post as director of radiotherapy physics at the Hammersmith Hospital, although his career was rescued by the philanthropic formation of the Gray laboratory elsewhere in London (16) and is also now remembered by the SI unit of absorbed dose in units of Grays. Gray believed that neutrons were an important tool for research, for the investigation of high LET effects, but should not necessarily be used for treatment. He was eventually proved correct, and the wealth of fast neutron experimental data (much of it performed in the United Kingdom) probably provides the best insights into high LET phenomena, especially that the inverse dose per fraction effect on RBE is especially marked in late-reacting normal tissues when compared with acute-reacting tissues.


[image: Figure 3]
FIGURE 3. Schematic diagram of external neutron beams passing through a tumour (yellow) with progressive increase in RBE and dose reduction. Prescription of radiation used RBE of 3 at the tumour depth and assumes this to be operative at all other points within a patient, but the RBE is increasing where dose fall-off occurs beyond the tumour target as illustrated.




Further Experimental Work

Further interest arose because of the discovery that high LET radiations, e.g., fast neutrons, with increased clustering of ionisation events along micrometre distances of their tracks, are less dependent than are x-rays on the presence of oxygen to produce cell death (oxygen essentially amplifies low-LET ionisations by increasing the yield of reactive free radicals in solution). The previous work of Gray and others had shown that many cancers contained zones of very low oxygen tension, which were considered an important cause of radioresistance. To overcome this problem, high-pressure oxygen (HPO) was used in experimental radiotherapy from the 1960s for several decades. In the United Kingdom, the initial results in animal experimental systems were impressive (17). In clinical practice, HPO had many disadvantages, because patients had to be placed within HPO tanks or chambers, and there was no overall improvement in patient survival, although some tumour types were better controlled (18). An attractive alternative to HPO was the use cyclotrons to accelerate protons—to around 16 to 20 MeV to produce fast neutrons with high LET properties and reduced oxygen dependency for cell killing within cancers. It was argued by the neutron enthusiasts that the use of HPO chambers would be unnecessary if neutron therapy would be used more extensively.



Clinical Research

The research efforts were complicated by there being several generations of technical equipment initially based on static beams, followed later with rotating gantries (19) and finally higher neutron energies in order to match the treatment geometry and depth dose characteristics of clinical megavoltage treatments. This technical evolution occurred at much later times than with photons, so neutron therapy was continually in a catch-up state.

Many developed countries started neutron therapy research programs, often based in single institutions and concentrating on treating rare tumours such as sarcomas. Some encountered severe tissue complications and were discontinued. The usefulness of neutron therapy could not be gauged from the emerging data sets, containing small numbers of patients in each tumour class, so it eventually became necessary to perform randomised studies on more commonly occurring cancers in order to determine the role of fast neutrons in the treatment of cancer.



The UK Medical Research Council Trials

The UK Medical Research Council (with other charitable contributions) funded three important sequential projects to investigate the usefulness of fast neutron therapy (20), from the late 1960s onwards until around 1992. Further work on the radiobiology also continued in parallel.

1. At Hammersmith (University of London), clinical studies were conducted by Dr. Mary Catterall with initial promise using a geometrically limited fixed horizontal beam (21, 22). Despite clear evidence that the neutron RBE was inversely related to dose per fraction in a wide variety of animal tissues, the clinical dose prescriptions used a fixed RBE. There was no 3-D dose computing availability for a more sophisticated approach. Accordingly, the dose plan took no account of the increase in RBE in normal tissues beyond the tumour, where lower doses would inevitably increase the RBE. The treatment schedules used 1.5 Gy three times per week. Promising results were reported for parotid gland and air sinus tumours, and the incidence of complications appeared to be reducing with better dose selection. A randomised trial comparing outcomes with conventional photon-based treatments involved control patients treated with x-rays or cobalt beams at other hospitals without defined protocols so that a wide range of doses, including some that were unsuitable, were used. From that time on, cancer trials were conducted with greater rigor.

2. Arnott and Duncan at Edinburgh Royal Infirmary (University of Edinburgh) used stricter “in-house” randomised trials to compare megavoltage x-rays (with their superior tissue penetration) with relatively poorly penetrating fast neutrons (as in Hammersmith), but for both radiation classes, the beams could be rotated on a gantry. The photon-treated controls were consequently treated with fewer beams per treatment plan, and the neutron treatments contained up to seven fields per plan, thus increasing the integral dose of neutrons. Treatments were supervised by site-specialised cancer experts with good academic supervision. Although in some instances improved local cancer control was achieved, enhanced normal tissue toxicity was also reported. It is interesting to note that the neutron dose per fraction of 0.9 Gy, given five times per week, was lower than that used in Hammersmith, thus inevitably increasing the RBE and its normal tissue consequences.

3. Errington and Warenius at Clatterbridge (University of Liverpool) used an extended fast neutron energy (obtained using 64-MeV protons from a cyclotron) with depth doses equivalent to 5-MeV x-rays in randomised trials, some of which were jointly undertaken with Seattle and Fermilab (USA). The dose per fraction chosen was the same as Hammersmith and treatment delivered 3 days per week to relatively advanced T3 head and neck and pelvic cancers. Compared with the photon treatments, neutron therapy toxicity was not increased, but there was no improvement in tumour control, and rather surprisingly, the metastatic rate appeared to be increased (perhaps due to the intermittent dose fractionation used).

Taken together, all these trials showed that neutrons conferred no clinical advantage, as comprehensively summarised by Duncan (20), which should be consulted for further details and references.



Other Neutron Therapy Studies

In many other countries, relatively low energy neutrons had been tried without recourse to formal trials and with little convincing success, although a small randomised trial reported by Laramore et al. (23) showed benefits for neutrons in the control of unresectable cancers of the parotid gland, which was similar to the findings at Hammersmith. In this trial, it is possible that a higher dose of x-rays with an electron boost in the control arm might have produced the same result. The actual tumour RBE, which was probably higher than that used in the prescription since the adenoid cystic carcinomas used in the trial, was very slow growing, but some tumours may contain a high fatty acid concentration, which could increase neutron KERMA (24). Relatively superficial air sinus cancers were also thought to be better controlled by neutron therapy, although there was always concern that neutrons were particularly damaging to the underlying brain tissues, where it had been identified previously at Hammersmith that the white matter RBE was around 5 rather than 3, again for reasons already identified above.

Some later neutron therapy research used polyethylene and iron MLCs, which initially started in Seattle (25), and then in Essen and Detroit, where intensity-modulated neutron therapy was introduced (using the MLC), especially for the treatment of prostate cancer (26). However, the inevitable increase in low-dose volume (often referred to in some countries as the low-dose “bath”) does raise concerns about integral dose concerns and especially since the Edinburgh group had by 2006 reported a significant increase in radiation-induced sarcomas over a period of 30 years (27), although such a risk could perhaps be discounted in elderly patients. From that time onwards, there has been increasing competition for prostate cancer treatments using brachytherapy, proton therapy, and robotic surgery.




RETROSPECTIVE INSIGHTS

In retrospect, neutron therapy failed to match its original promise for the following physical and radiobiological reasons:

• Routine absorbed dose computations did not include the highly efficient neutron interaction with hydrogen, resulting in higher energy release in hydrogen rich tissues such as brain white matter and fat, which surrounds most important organs and is closely associated with their blood supply.

• Dismissal of the well-established finding of RBE variations in different tissues and its important increase with a falling dose, which mitigates the effect of a reduction in physical dose beyond a cancer.

• The appreciation that RBE also varies with cell proliferation rate, so that slow-growing tumours have higher values. It is the slow-growing stem cells and vascular cells that contribute to the severe normal tissue damage at extended time periods after irradiation.


Some Generic Knowledge

Several generic improvements emerged as a consequence what was found useful in the neutron therapy trials. Nearly all clinical trials in radiotherapy after that time followed the Clatterbridge UK and North American RTOG neutron trials by inclusion of data monitoring committees, as well as rigorous quality assurance (QA) systems for dosimetry, as well as clinical standards. When the detailed QA systems established for neutrons were applied as a result of discussion within the PTCOG (Particle Therapy Co-operative Group), the study coordinated at Loma Linda showed potentially significant discrepancies in some major proton centres and which required correction by up to 7% (28). Furthermore, when the UK Hospital Physicists decided to compare dosimetry standards at all UK radiotherapy centres by using thermoluminescent dosimetry in the same body phantom (29), the Clatterbridge Hospital results were closest to the dosimeter used in the UK National Physical Laboratory. This was a good example of how the discipline of the neutron trials exerted an influence on the conduct of radiotherapy physics in one hospital.



Mathematical Modelling

The early neutron radiobiology was well summarised by Bewley (30) and remains relevant to particle therapy. In 1998, mathematical modelling, which included RBE within biological effective dose (BED) equations, showed that neutrons would only be capable of improving clinical outcomes in the case of the treatment geometry provided by very superficial cancers with little normal tissue coverage (31), exactly the condition for air sinus and parotid tumours. The further extension of BED equations that contain RBE allowances in many radiobiological settings has the potential for guiding clinical practice (32), and the relevant equations are given below and in the Appendix. These BED equations used the RBEmax and RBEmin concepts in conjunction with the reference radiation tissue α/β ratio, which are known with greater confidence than the much higher neutron α/β values.

The standard low LET BED equation is

[image: image]

where D symbols refer to total doses and d the dose per fraction given in n treatments (or fractions) with subscripts L and H used to denote high and low LET radiations, respectively, the latter being the reference radiation for RBE estimations.

For high LET radiations, Equation 10 can be modified (31, 33) by inclusion of RBEmax and RBEmin (formal definitions are given in the Appendix) where to be
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Isoeffect calculations then use the equality:
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By definition, DL = nL.dL, and DH = nH.dH, so that any two schedules with the same number of fractions can be either compared or equated for an isoeffect as in Equation 5.

For single doses, Equation 5 is modified to be:

[image: image]

Further details on obtaining an RBE at any dose per fraction are given in the Appendix.



Important Radiobiological Concepts That Emerged From Fast Neutron Experimental Studies

Radiobiology studies had already shown high neutron RBE values, which varied inversely with dose, reductions in oxygen enhancement ratio (OER), and cell cycle phase dependency, and with greater dose per fraction insensitivity, with similar findings for heavier ions (34). Also, Batterman et al. (35) had shown that human tumour RBE values were related to their volumetric doubling times and which can be related to tumour potential doubling times (Figure 4) (36). Extended analysis of the fast neutron experiments at Hammersmith and Clatterbridge continued in more recent times, providing many informative reports and interpreted using the linear-quadratic model of radiation effect as in Carabe-Fernandez et al. (33, 37) and Jones et al. (38), which model the well-recognised inverse dose per fraction and RBE effects (using the RBEmax and RBEmin concepts), in different tissues represented by their characteristic α/β ratios. Acute-reacting tissues, such as oesophageal mucosal reactions, show almost no change in RBE with dose per fraction, but later-reacting tissue effects in skin, lung, and kidney show greater changes in RBE with dose per fraction.


[image: Figure 4]
FIGURE 4. A 3-D plot based on the Batterman data set (35), assuming a 90% cell loss factor to convert the volume doubling time to an estimated potential doubling time (Tpot), which is itself inversely related to the α/β ratio by a function α/β = 48.9/Tpot. The RBE was then estimated using the linear-quadratic formulations given in the Appendix.


The graphical fits in these articles are informative, as linear-quadratic model theory does predict (Appendix) that the RBEmax is inversely related to the α/β ratio (Figure 5A), whereas RBEmin is directly proportional to the square root of α/β (Figure 5B). By using these relationships, for the most critical low α/β (late-reacting) tissues, the RBE at low dose is highest, but changes to be the lowest RBE at high dose when compared with more rapid proliferating tissues (or tumours) with high α/β ratios that have a “flatter” response, as shown in Figure 6A. In these figures, it is important to note that the RBEmax represents the RBE at near-zero dose, forming the intercept of the curves where dose is zero, and that RBEmin is the limiting value at high dose and that always exceeds unity. If RBEmin is not used, the RBE will approach 1 at high dose, whereas in experimental normal tissue systems, RBE asymptotically approaches values of between 1.2 and 1.4 in most instances. However, some data sets do contain a limited number of RBEmin values around 1, which implies little or no increment in β and possible other influences associated with experimental design, biological variation, and the smaller influence of the reference irradiator being low KeV x-rays. RBEmin in vitro data can only be obtained from direct estimation of β values; the dose range cannot be as high as in vivo studies because of limited surviving colonies in the former.
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FIGURE 5. (A,B) Graphical displays of RBEmax (A) and RBEmin (B) plotted with respect to the reference low LET α/β ratio, as adapted from Jones et al. (38). Least squares fitting are (A) RBEmax = 2.43 + 4.97/(α/β)L (no standard error weighting) and RBEmax = 2.29 + 4.81/(α/β)L (with standard error weighting), (B) RBEmin = 0.76 + 0.22√(α/β)L (no standard error weighting), and RBEmin = 0.73 + 0.19√(α/β)L (with standard error weighting). Modified from Jones et al. (38).



[image: Figure 6]
FIGURE 4. (A,B) The relationships between (A) fast neutron dose per fraction and RBE for different α/β ratios, and (B) the transformation of the above to provide a near-flat response for α/β of 10 and 12 Gy to simulate proton data by modification of RBEmax and RBEmin. The red curves suggest how brain and spinal cord tissues may behave (α/β = 2 Gy), followed by a gradual change in α/β to faster-growing systems such as many rapidly growing tumour types and acute-reacting normal tissues (α/β = 10 Gy). Modified from Jones et al. (38).


Figure 6B used lower RBEmax and RBEmin values, iteratively adjusted to match the conventionally used proton RBE of 1.1, for α/β = 10 Gy [the α/β value of the in vivo jejunal crypt assay, which was mostly used to achieve this RBE value in mid-spread out Bragg peak (SOBP) (11)]. By then varying the α/β ratio to represent different tissues/tumours, the dose per fraction effect can be further estimated, although in this case there is no crossing-over of the curves. At 2 Gy per fraction, the curve for α/β = 2 Gy (normally used of central nervous tissue) provides an RBE estimated of around 1.2, which is very close to that predicted by a different proton model (39).

If the overall RBE is controlled by RBEmax and RBEmin and that these parameters are, respectively, inversely and directly related to the reference radiation α/β ratio (details given in Figure 5 legends and Appendix), then a practical clinical RBE cannot be assumed to be only related to RBEmax. Mathematical models that predict RBE from changes in only the α parameter or only from α/β are probably incomplete, because it is necessary to include specific increases in the β parameter with LET, although these are less marked than for the α parameter. Comparisons of models that predict proton RBE values have been made by Paganetti et al. (12) and Warenius et al. (40).

At Clatterbridge Hospital, Warenius and Britten (41) had identified that the respective rank orders of radiosensitivity values for photons and neutrons were different. This is a consequence of the transition of RBE between the limits provided by RBE max and RBEmin (as shown in Figure 6A) and other nonlinear effects such as the progressive reduction of RBE increments with increasing intrinsic (photon) radiosensitivity found in cellular experiments (39).

It has also been shown that the LET values produced by the Clatterbridge fast neutrons increases the α-radiosensitivity parameter by a factor of 3.17, but the β parameter increases by 1.59√β on average (42). The increment in α for the Clatterbridge fast neutron and x-ray comparisons in cell lines are shown in Figure 7, where a saturation effect appears to limit the increase in radiosensitivity (39).


[image: Figure 7]
FIGURE 7. Plots of α radiosensitivity with standard errors for 5-MeV x-rays and 64-MeV neutrons. The fitted curve follow the relationship α(neutron) = 5.37/3.68(1–e3.68α(−x−ray)). The hatched line represents a linear fit, which would inappropriately lead to much higher αH values.


Previously, it was widely thought that β did not increase significantly with LET, as evidenced in meticulous experiments involving only the V-79 cell line by Jones (43), but the Clatterbridge in vitro experimental neutron and x-ray data set contained over 20 cell lines, and the increase in β can be seen in Figures 8, 9 (39, 42, 44), where the V-79 line is shown as being just above the line that represents no change in the β parameter. Many proton RBE models have used the V-79 cell line without any allowance for an increment in RBE with LET and so could underestimate or even exclude use of RBEmin (12, 39, 40).


[image: Figure 8]
FIGURE 8. Plots of the β parameter for megavoltage photons and neutrons. Outlying cell lines with β neutrons close to zero (labelled A and B) were excluded because of probable experimental error, and the extremely high value (C) was due to known radiation repair deficiency and was also excluded. The black line will be followed if there is no change in β with increasing LET, but most nonexcluded data points are above that line. The V-79 data point (labelled V) falls just above it. Application of the sign test indicates that the hypothesis that β is the same for neutrons and megavoltage x-rays can be rejected (p < 0.01). Adapted from Jones (42), with no error bars for ease of viewing.



[image: Figure 9]
FIGURE 9. The representative data in Figure 8, with error bars and fitted with a linear function and by a saturation curve described by β (neutron) = 2.29/23.57 (1–e−23.57β(x−ray)). The later fit is preferable because the linear equation will continue to increase beyond acceptable limits.


Improved BED assessments of not only neutrons but also for other ion beams have included such saturation effects (39, 44).




BORON NEUTRON CAPTURE THERAPY

At present, the only promising development for neutrons is arguably boron neutron capture therapy (BNCT), a complex binary therapy that involves a low-dose exposure to thermal or epithermal neutrons, which are selectively captured by boron-labelled amino acids that avidly enter rapidly growing tumour cells. The reaction creates more intense localised ionisation by generating an α particle and a lithium ion, with tissue ranges of only around 10 μm (about one-cell diameter). The RBE issues within BNCT are further complicated by the dose being dependent on the concentration of the boron-containing compound, which is reflected in a compound biological effectiveness or CBE (45). Some pilot studies have shown promise in highly malignant brain tumours or for recurrent tumours, although in uncontrolled, highly selected patients (46, 47), and the future prospects remain uncertain, although hospital-based accelerators for thermal neutron sources could reduce the inconvenient dependency on a nuclear reactor as a source (48). Further discussion is beyond the scope of this article.



DISCUSSION


The Neutron Aftermath

Following the fast neutron clinical trials, the UK funding authorities decided not to invest in further ambitious radiation projects; and as a result a general decline in UK radiotherapy and radiobiology research followed, although the Clatterbridge cyclotron was successfully adapted for ocular proton therapy. There emerged a clinical scepticism regarding the use of cyclotrons in radiotherapy and high LET radiations in general. In other countries, more progress was achieved using charged particle therapy (protons or light ions) produced from cyclotrons or the larger synchrotrons. Some of these countries had no prior experience of high-LET radiations in the form of fast neutrons.

In Japan, the government selected proton and carbon ion therapy as a patient-friendly alternative to fast neutrons, but interestingly applied neutron experimental data to link the LET and RBE for treatment prescriptions (49), although not used with a dose-per-fraction effect, and there was effectively no exit dose where further RBE increments could make a significant difference. This approach has been replaced by modifications of the MKM (microdosimetric kinetic model), which originally did not allow for the increments in β with LET (resulting in a high dose RBEmin of 1), but now β effects have been introduced as a consequence of the neutron experience (50). The crossover effects observed in Figures 4A,B appear to be consistent with clinical results of reduced side effects with increasing hypofractionation in Japan (51).

A major radiotherapy research question over the next few decades will be whether carbon ions are superior to protons in specific cancers, because of better beam ballistics and dose localisation and/or the apparent greater reduction in the oxygen effect. Suit et al. (52) have pointed out that because even the neutron studies did not show a convincing overall local tumour control improvement, it should not be expected that carbon ions will provide improved efficacy because the oxygen effect dependency is greater for spread-out carbon ion peaks than for fast neutrons (OER ratios of around 1.8–2 compared with 1.6–1.8, respectively).

The process of reoxygenation in tumours during radiotherapy for schedules lasting several weeks may be the reason why hypoxic radioresistance is not especially important with photons and may explain why the control x-ray treatments, as in the Clatterbridge studies, produced results that were at least as good as with neutrons (20). However, the identification of tumours with slow reoxygenation kinetics may yet be important because use of high LET therapy and dose escalation may then be important.



Improvement of Neutron Bioeffect Prediction

Because fast neutron energies are part of a spectrum, in principle it is possible to predict most of the RBE by considering the recoil proton energies and then applying proton RBE models (12, 39, 40) or more complex predictive models (4, 53). These models vary in terms of the inclusion of biological data and the increase in β with LET, but most appear to give realistic values compared with the incorrect assumption that all protons have an RBE of 1.1, which is an oversimplification even at mid–spread-out Bragg peak (11). Knowledge of neutron RBE continues to be required in medicine and radiation protection and for space travel.



Mixed Neutron and Photon Fields

Research at the Gray Laboratory led by McNally had shown nonlinear effects on cell survival when photon and neutron irradiations were used sequentially, with a short temporal separation, which would not change DNA repair significantly (54). Lower doses of neutrons dominated the effectiveness, but this influence was dependent on the level of surviving fraction. Although Zaider and Rossi (55) proposed a quadrature addition of the β terms, there does not appear to be a satisfactory method for predicting mixed beam effects. The present writer is of the opinion that because the α radiosensitivity will depend on LET in a biphasic way by following the general relationship between LET and RBE, it is suggested that LET-dependent RBE models should be used in such situations, coupled with the neutron LET spectrum. This is a complex problem. German scientists are now exploring mixed field irradiation by use of their local effect model (56). Although neutron beams normally contain γ-rays, measured experimental RBEs will include such mixed field effects.



Neutron Carcinogenesis

The problem of neutron-induced cancers has already been mentioned (27). Further radiobiological details have been reviewed by Trott (57), because neutrons and γ-rays are released from proton and other ion beam interactions in the human body and so can increase with depth along a beam. It is also the case that the RBEmax and RBEmin concepts can be applied to radiation carcinogenesis caused by high LET radiations such as neutrons (58).



Educational Aspects

The history of neutron experimental and clinical studies should be taught to doctors and physicists during their radiotherapy training. This is because the general principles learnt are educationally informing. These topics should be studied in greater detail by those engaged in particle beam therapies. At present, there is a curious lack of emphasis on RBE issues in proton therapy teaching courses, but regulatory bodies should insist on a good background of radiobiological understanding in high LET radiations in order to guide future clinical decision makers. Neutron experimental data sets were not examples of “wasted research,” because they have been further analysed 20 to 40 years after their original publication and have some impact on informing radiation modellers of how to improve proton and ion beam therapy. Health policy makers and research funding bodies should also study this overall neutron experience, because it contains many important lessons.




CONCLUSIONS

The following conclusions can be made:

1. It is important that the same fundamental errors that were made with neutrons are not repeated with charged particles. All, rather than some, of the scientific information needs to be included when deciding what may be best to apply in the clinic.

2. As with neutrons, so also with all charged particles, an elevated RBE can be favourable only if the tumour RBE exceeds that of the prescription RBE, but can be a disadvantage when the critical normal tissue RBE exceeds the prescription RBE if accompanied by insufficient normal tissue dose sparing.

3. For any form of radiation therapy, radiobiological testing should be sufficiently comprehensive to identify strengths and weaknesses and include testing in many cell lines and tissues with different radiobiological characteristics and not just a few or one.

4. In retrospect, better radiobiological modelling would have alerted clinicians of at least some of the adverse features and might have prevented the widespread use of fast neutrons, or at least restricted their use to specially defined situations.

5. All new forms of radiotherapy need to be tested in high-quality clinical centres, using the best input from physics, biology, and medicine and use randomised controlled studies wherever possible. These must include rigorous external dosimetry QA and data monitoring committees.

6. The experimental fast neutron database remains important and has implications for proton therapy because neutrons mainly ionise by forming recoil protons.

7. The neutron experimental and clinical experience should be taught to doctors and physicists embarking on careers in radiotherapy and should be studied in greater detail by those engaged in particle beam therapies, as well as health policy decision makers.
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Background: To report the clinical experience of carbon-ion and proton radiation therapy for skull base sarcomas.

Methods: An analysis of the retrospective data registry from the Shanghai Proton and Heavy Ion Center for patients with skull base sarcomas was conducted. The 1-/2-year local relapse-free, distant metastasis-free, progression-free, and overall survival (LRFS, DMFS, PFS, OS) rates as well as associated prognostic indicators were analyzed. Radiotherapy-induced acute and late toxicities were summarized.

Results: Between 7/2014 and 5/2019, 62 patients with skull base sarcomas of various subtypes received carbon-ion radiation therapy (53), proton radiation therapy (5), or proton radiation therapy + carbon-ion boost (4). With a median follow-up of 20.4 (range 2.73–91.67) months, the 1-/2-year OS, LRFS, DMFS, and PFS rates were 91.2%/80.2%, 89.2%/80.2%, 86.0%/81.1%, and 75.8%/62.9%, respectively. Grade 3 mucositis and grade 4 hemorrhage were observed in 1 patient for each. Only grade 1 and grade 2 toxicities were observed except for the same patient with grade 4 acute toxicity died of severe hemorrhage (grade 5). Multivariate analyses revealed the lack of prior RT was an independent favorable prognostic factor for OS, PFS, and LRFS, age under 40 was associated with improved OS, early T-disease (T1/2) showed a significant association with better PFS.

Conclusion: With few observed acute and late toxicities, particle beam radiation therapy provided effective tumor control and overall survival for patients with skull base sarcomas.

Keywords: proton beam radiation therapy, carbon-ion beam radiation therapy, sarcoma, skull base, charged particle radiation therapy


INTRODUCTION

Bone and soft-tissue sarcomas of the base of the skull (SBS) are rare and account for < 1% of all head and neck malignancies (1–5). Surgery is the treatment of choice for SBS regardless of the histology subtypes. However, en bloc resection with sufficient surgical margin of skull base tumors is universally challenging due to the complexity of the anatomy. Although adjuvant radiation is commonly recommended, both the anatomical complexity, and radioresistant nature of most histology subtypes of SBS negated the efficacy of photon-based radiation, including the more conformal intensity-modulated radiotherapy (IMRT) technology. As such, despite aggressive multidisciplinary approaches, the prognosis of patients with SBS is poor as compared with patients with sarcomas in other anatomical regions (6, 7). For SBS patients with unresectable or inoperable disease, prognosis is usually dismal after radiotherapy (8–12).

Accelerated charged particle (e.g., proton[image: image], helium, and carbon ion) beams deposit relatively low energy in the path of traveling in the body but distribute most dose just before they stop at the Bragg peak. Such physical feature of particle beams makes it possible to deliver high-dose radiation to the tumor while limiting the dose to the organs at risk (OARs) close to the tumor. Also, heavy-ion (such as carbon ion) beams have higher linear energy transfer and greater relative biological effectiveness (RBE), which range between 2 and 5, depending on the beam energy, tissue and cell types, and fraction dose as compared with photon/proton (13, 14). Both features are critical for the treatment of radioresistant tumors that occur near-critical or sensitive OARs such as SBS. However, evidence supporting the use of particle beam radiation therapy (PBRT) for the management of SBS is scant. This paper reports the clinical results, in terms of disease control, survival, and treatment-associated adverse effects, of a relatively large group of SBS patients treated with PBRT at the Shanghai Proton and Heavy Ion Center (SPHIC) over the past 5 years.



METHODS

This is a retrospective study and was approved by the Institutional Review Board of SPHIC.


Patient Population and Pretreatment Workups

Due to the significant difference of the biological behavior as compared with other histological subtypes of SBS, patients with chordoma of the skull base or cervical spine were not included in this analysis. After this exclusion, a total of 62 consecutive and non-selected patients with skull base bone and soft-tissue sarcoma who received PBRT with definitive intention at the SPHIC between July 2014, when the first SBS patient was treated at SPHIC, and May 2019 were included in this retrospective analysis.

All patients were evaluated according to the standardized pre-radiation workups, including a complete history, and physical examination, imaging studies (contrast-enhanced MRI preferred, but CT allowed if MRI is contraindicated) of the head and neck region, routing lab tests (complete blood count, serum electrolytes, and renal/hepatic function tests), fluorodeoxyglucose positron emission tomography/CT (or thoracic/abdominal CT and bone scan), and EKG. All patients were staged according to the American Joint Committee on Cancer, seventh edition, tumor–nodes–metastases staging system regardless of the time of diagnosis, as differentiation (grades) were not available to some patients diagnosed after January 2018.



Particle Beam Radiation Therapy

All patients were registered and immobilized using AlphaCradle® and customized thermoplastic masks in the supine position. CT scans for PBRT planning were taken at 1.5-mm slice thickness without contrast from the vertex to the inferior margin of clavicular heads. The fusion of MRI taken in treatment position with immobilization mask and planning CT was applied for all patients before target volume delineation.

The gross tumor volume (GTV) was defined as the gross tumor visualized on imaging studies or clinical examination. GTV with a 1–3-mm expansion was treated to the prescribed dose to the tumor. CTV for gross and subclinical disease included an area with risk for subclinical disease as well as the pretreatment tumor bed for patients who received surgery and/or chemotherapy before PBRT. A maximum of a 5-mm margin was typically added to the CTV for the planning target volume (PTV) to mitigate uncertainty about dose distribution and potential setup errors.

PBRT (both proton and carbon-ion therapies [CIRT]) were delivered with pencil beam scanning (PBS) technology, typically consisted of beams from two to three directions. PBRT planning was performed using the Syngo® treatment planning system (version VC11 and 13) (Siemens, Erlangen, Germany). Individual factors such as patient positioning reproducibility and/or beam angles were chosen for optimal dosimetry. At SPHIC, only multi-field optimization was used for planning of PBRT using PBS technology for head and neck cancer patients. A typical treatment plan is displayed in Figure 1. The range uncertainty of our IONTRIS particle treatment system is ± 3.5% but could be modified according to the dose constrains of adjacent OARs. Setup accuracy was confirmed daily with orthogonal X-ray using bony landmarks as reference.


[image: Figure 1]
FIGURE 1. A typical treatment plan of a patient with soft-tissue sarcoma of the skull base.


Doses of PBRT were measured by Gy (RBE) to account for the RBE differences as compared with photon-based RT. The dose constraints of the OARs were based on the TD5/5 described by Emami et al. (15) except for the optic nerves (D20 < 30 Gy [RBE]), brain stem (Dmax < 45 Gy [RBE]), spinal cord (Dmax < 30 Gy [RBE]), and temporal lobes (V40 < 7.66 cc; V50 < 4.66 cc), which were set using the previous experience from the National Institute of Radiation and Quantum Science of Japan (16). For patients who received salvage re-irradiation, the previous RT plans were obtained, and the doses to the OARs were identified. Recovery from the previous radiation therapy dose was set at 70% regardless of the latent time between the two courses of RT (17).



Systemic Therapy

Chemotherapy and targeted therapy were administered at the discretion of the referring medical oncologists. Due to the substantial differences in the biological behaviors of different histologic subtypes of SBS, various regimens and schedules of systemic therapy were used. However, no patient with chondrosarcoma received systemic therapy. Concurrent systemic therapy was allowed during PBRT.



Follow-Up and Toxicity Evaluation

Patients were evaluated weekly during PBRT for acute toxicities, response to treatment, and the potential need for replanning for PBRT due to substantial anatomical alteration. Weekly verification CT scans were typically performed after the second week of PBRT to assess any changes in anatomy. After the completion of PBRT, all patients were required to be followed up based on the standardized institutional follow-up protocol. The first follow-up was set at 4 weeks post-treatment; then, patients were examined every 3 months for the first 2 years, every 6 months up to the fifth year, then annually after that. Non-local or domestic patients unable to follow up in person were followed locally, and results were communicated. The Common Terminology Criteria for Adverse Events (CTC.AE) version 4.03 was used to grade acute (from the start to up to 3 months after the end of PBRT) as well as late adverse effects that occur any time after 3 months after PBRT until last follow-up for this group of patients.



Statistics

The progression-free survival (PFS), locoregional relapse-free survival (LRFS), and distant metastasis-free survival (DMFS) rates were calculated from the start of PBRT, and the overall survival (OS) rates were from the diagnosis using the Kaplan–Meier method. Univariate and multivariate analyses on survivals were performed using the Kaplan–Meier method (with log-rank test) and Cox proportional hazards model. P < 0.05 were considered statistically significant. All statistical analyses were performed using SPSS (version 18.0).




RESULTS


Study Population

The diagnosis of all 62 patients with skull base bone or soft-tissue sarcomas (chordoma excluded) were confirmed histologically. No patient presented with distant metastasis at diagnosis. Twenty-eight (18) patients presented with soft-tissue sarcoma, 28 presented with chondrosarcomas, and 6 with osteosarcomas. Thirty-three patients were diagnosed with T3/4 disease and accounted for 53.3% of the cohort. Only 1 patient presented with N1 disease. Seventeen cases had previous photon-based radiation therapy and received salvage CIRT. Among these 17 cases, 12 patients suffered radiation-induced second primary sarcomas. The characteristics of patients and their disease are detailed in Table 1.


Table 1. Characteristics of the 62 patients, their disease, and treatments.

[image: Table 1]



Particle Beam Radiation Therapy

All patients received PBRT according to the planned schedule. No patient[image: image] had an unplanned treatment break. Four patients (three with chondrosarcoma and one with rhabdomyosarcoma) treated at the beginning of our clinical services received proton therapy followed by a CIRT boost. Five patients with chondrosarcoma accrued to our phase II randomized trial (proton vs. carbon ion for chondrosarcoma) received intensity-modulated proton therapy only to 64–70 Gy (RBE)/32–35 Fx depending on the dose constraints of the OARs. Fifty-three patients received intensity-modulated CIRT regimens using our dose escalation [54–73.5 Gy [RBE]/18–23 Fxn], randomized trials [70 Gy [RBE] in 20 fractions for chondrosarcomas only], or standard institutional protocol [CIRT to 63 Gy [RBE]/18 fractions to 70 Gy [RBE]/20 fractions depending on the pathology types, tumor volumes, and dose constrains of the OARs].



Disease Control and Patients' Survival

All patients were followed up according to the planned schedule, and the median follow-up time was 20.4 (range 2.73–91.67) months. Eleven patients had deceased. Eleven and 10 events of locoregional recurrence and distant metastasis had occurred, which are detailed later. The 1/2-year overall survival (OS), LRFS, DMFS, and PFS rates for the entire cohort were 91.2/80.2, 89.2/80.2, 86.0/81.1, and 75.8/62.9%, respectively (Figure 2).


[image: Figure 2]
FIGURE 2. OS, LRFS, DMFS, and PFS of the entire cohort of 62 SBS patients treated with PBRT.



RT-Naïve Patients

Among the 45 RT-naïve patients in this cohort, 5 deceased at the time of this analysis due to distant metastasis (4 cases) or local recurrence (1 case). Locoregional or distant recurrences occurred in 2 and 6 patients, respectively. One additional patient experienced both local and distant recurrence. The 1/2-year OS, LRFS, DMFS, and PFS rates were 95.3/91.8, 97.6/91.6, 88.4/82.6, and 86.1/74.6%, respectively (Figure 3).


[image: Figure 3]
FIGURE 3. OS, LRFS, DMFS, and PFS according to the status of prior RT (i.e., first-time RT vs. re-irradiation).




Re-irradiation Patients

Seventeen patients received re-irradiation using CIRT only. Six of the 17 patients deceased due to local recurrence (5 cases) or massive hemorrhage (1 case). Locoregional or distant recurrences occurred in 6 and 1 patients, respectively. Two additional patients had both local and distant recurrence. The 1/2-year OS, LRFS, DMFS, and PFS rates were 68.1/51.1, 63.6/43.6, 79.5/79.5, and 44.4/23.7%, respectively (Figure 3).




Adverse Effects

Grade 1/2 oral mucositis and dermatitis of radiation area were the most commonly observed acute adverse effects (17.7/6.5 and 17.7/1.6%, respectively). Grade 3 mucositis was observed in only 1 patient. Another patient with previous radical radiotherapy experienced grade 4 hemorrhage during the treatment and immediately received embolization of the bleeding artery then completed the planned CIRT for radiation-induced second primary pleomorphic sarcoma. The same patient died from hemorrhage (grade 5) at 3.4 months after the completion of PBRT. No other ≧ grade 3 acute radiation-induced toxicity (Tables 2, 3).


Table 2. Types and frequency of acute toxicities using CTC.AE.

[image: Table 2]


Table 3. Types and frequency of late toxicities using CTC.AE.
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Prognostic Factors

Univariate analyses (UVA), including sex, age, status of prior RT (RT-naïve vs. re-RT), pathology (non-chondrosarcoma vs. chondrosarcoma), T-category, surgery status, volume of GTV, PBRT type, and total dose, were compared by log-rank test to demonstrate the differences of the survival probabilities of OS, PFS, LRFS, and DMFS, respectively. The results of UVA are detailed in Table 4.


Table 4. Univariate analyses for survival outcomes of 62 cases by Kaplan–Meier method (log-rank).

[image: Table 4]

All the factors of UVA were performed in multivariate analyses (MVA) using Cox regression for OS, PFS, and LRFS. Lack of prior RT (i.e., RT-naïve) was statistically associated with robust OS, PFS, and LRFS (p = 0.020, 0.010, and < 0.001, respectively) advantages over re-irradiation, with the hazard ratios of 4.66 (1.268–17.120), 3.416 (1.347–8.664), and 11.990 (3.152–45.610), respectively, making it an independent prognostic factor for OS, PFS, and LRFS. Additionally, age under 40 years was associated with improved OS (p = 0.001). Early T-disease (T1/2) showed a significant association with better PFS (p = 0.024).




DISCUSSION

Bone and soft-tissue SBS are rare. No randomized evidence has validated the optimal management of SBS. The anatomic constraints from adjacent critical OARs pose challenges to both surgical and photon radiation-based approaches. Also, most subtypes of SBS are relatively resistant to photon-based radiotherapy. In theory, disease control would be improved with escalation of radiation dose. Also, the prevailing use of IMRT, which allows for improved dose distributions, may benefit the therapeutic ratio for malignancies of the base of the skull (19–21). Nevertheless, it is debatable whether such improvement in conformality actually translates into improved outcomes for SBS: with conventional radiation, local control rates have been commonly estimated between 50 and 60% (3 years), with or without surgery, highlighting the difficulty of achieving local disease control with radiation alone (7, 22).

SBS seems to be an ideal indication to be managed by PBRT, considering both physical, and biological advantages. Minimal exit dose (after the Bragg's peak) and substantially reduced penumbra over photon techniques, including IMRT, provides sharper dose gradients between target volume(s) and the critical OARs that constrains the radiation doses. Also, particle beams with higher linear energy transfer (e.g., carbon ion) produces significantly higher biological effectiveness as compared with photon beams (23), a clear advantage for radioresistant histologies such as most subtypes of sarcomas. Clinical data from several retrospective studies showed that PBRT could achieve favorable disease control for head and neck sarcomas or base of skull tumors, including chordoma and chondrosarcoma, even in patients with unresected or recurrent diseases (24–29). In our previous studies, PBRT for head and neck sarcomas, including those involving skull base, produced effective tumor controls, and overall survivals in both primary and recurrent patients; the 1/2-year OS and LRFS for the entire cohort were 92.9/90.0 and 88.4/78.9%, respectively (24, 25). For chondrosarcoma of the skull base, PBRT attained more favorable outcomes; results from Heidelberg Ion Beam Therapy Center reported both the 5-year OS, and local controls were over 90% and over 85%, respectively (26, 28). Most of the other papers included substantial cases of chordoma of the cervical spine or skull base, a condition that has a significantly different biological behavior from bone and soft-tissue sarcomas (18, 26, 27).

Also, PBRT has been successfully used in other malignancies other than sarcomas of the skull base, including those with extensive involvement of the orbits. In a retrospective study of 57 patients with skull base tumors treated with proton therapy or CIRT between 2003 and 2009, a 3-year OS and LPFS rates of 61 and 56% were reported, respectively (30). Results of PBRT for patients with orbital tumors after eye-sparing surgery produced excellent local controls; our center (SPHIC) reported the 2-year OS and LRFS of 100 and 93.3%, respectively, similar to those in MD Anderson Cancer Center of 100 and 100%, respectively (31, 32). However, the literature on the use of PBRT for the treatment of base of skull sarcomas other than chordoma, which are usually more aggressive and challenging conditions that precludes en bloc surgical resection due to their anatomical location, is scarce. The 2-year OS and LPFS rates of our patients treated mostly with CIRT were both 80.2%, and those rates of radiation-naïve patients were both > 91.0%. However, direct comparison between the results in terms of survival and disease control of our patient and previous publications may not be meaningful, as pathologies of patients, treatment modalities, and follow-up time differed substantially.

One of the major clinical advantages of PBRT is its favorable profile of treatment-associated toxicity as compared with conventional radiotherapy. In the current cohort, only one patient experienced grade 3 mucositis. Another developed grade 4 mucosal necrosis with bleeding and later died of hemorrhage of the internal carotid artery. Therefore, both the acute and late toxicities observed in our patients were minimal in severity and frequency. Similar findings were observed after PBRT for skull base malignancies using proton therapy and CIRT (30, 33). Overall, historical data showed that moderate to severe (grade 2–5) acute and late toxicities ranged between 10 and 20% for skull base tumors treated with PBRT. With the use of more modern PBRT technology, such as PBS, improved acute, and late toxicities could be further achieved.

Not surprisingly, RT-naïve patients had significantly better OS, PFS, and LRFS (p = 0.020, 0.010, and < 0.001, respectively) over re-irradiation. Also, early T-disease (T1/2) showed a significant association with better PFS (p = 0.024). These findings were similar to those reported previously for chondrosarcoma or other based on skull tumors treated using PBRT (33). Interestingly, we did not find that the extent of surgery (R0/R1 vs. R2/biopsy) before PBRT improved patients' survival or disease control in MVA, although a trend favoring complete surgery was observed in UVA. However, such findings might be caused by the limited number of R0/R1 patients in our cohort, and many patients who had biopsy were re-irradiated.

Our study also has few important limitations. The foremost is its retrospective nature and the inclusion of a heterogeneous group of patients. However, for a relatively rare condition such as SBS, it will be difficult if not improbable to perform a prospective randomized trial for each histological subtype of the disease. As such, most of the previously published studies provided results of retrospective analyses that included a heterogeneity group of histologic subtypes, and many included chordoma as well. Second, partly due to the heterogeneity in their histological diagnosis, patients' treatment in terms of surgery and chemotherapy varied substantially. Finally, local recurrence of head neck sarcoma usually occurs within the first 2 years after the completion of radiotherapy (7, 25); thus, our follow-up period of 20.4 months provided an acceptable estimation of patients' survival and disease control. Nevertheless, PBRT-induced long-term toxicities, particularly the CNS structures adjacent to the base skull, would require longer follow-up time.



CONCLUSION

Our results showed that PBRT is a promising modality for definitive treatment for patients with base of skull bone and soft-tissue sarcomas, with a high probability of local disease control than historical data and mild to moderate acute and late toxicity. Before, radiotherapy was the most important negative prognosticator of LPFS, PFS, and OS. Also, advanced age and T-disease were significantly associated with poor OS and PFS, respectively. PBRT has the potential to improve the therapeutic ratio, thereby treatment outcomes. The use of PBRT as a definitive treatment modality in skull base sarcomas is worth further investigation, preferably in a prospective fashion, and validation with longer follow-up.
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Background: Sinonasal adenoid cystic carcinoma (SNACC) presents a challenge to oncologists due to its complex anatomy and poor prognosis. Although radiation therapy, either definitive or adjuvant to surgery, is an important part of the multidisciplinary management of SNACC, photon-based radiotherapy yielded suboptimal local control. The purpose of this study was to report the clinical results of a large patient cohort treated with particle beam radiation therapy.

Methods: Patients with SNACC that received proton beam therapy (PBT), carbon-ion radiotherapy (CIRT) or a combination of CIRT and PBT between May 2015 and May 2019 were included in the analysis. Three patients were treated with PBT, 17 with CIRT and 18 received PBT and a CIRT boost. Overall survival (OS), progression-free survival (PFS), local control (LC), regional control (RC), and distant metastasis-free (DMF) rates were calculated using the Kaplan-Meier method. Toxicities were reported using the CTCAE (version 4.03).

Results: A total of 38 patients were included in this analysis. Of these patients, 12 had recurrent disease, including 10 whose previous photon-based RT had failed. The most common primary tumor site was the maxillary sinus. Thirty-six patients (94.7%) suffered from locally advanced disease (T3-4). After a median follow-up of 27.2 months, the 3-year OS, PFS, LC, RC, and DMF rates were 96.7, 80.6, 90.0, 100, and 88.7%, respectively. No acute toxicities of grade 3 or above were observed. Two patients experienced grade 3 xerostomia or vision decreased, and one patient died of hemorrhage.

Conclusion: PBT, CIRT or a combination of CIRT and PBT appeared to be a promising treatment option for SNACC and produced satisfactory local control and toxicity profile. Longer follow-up is needed to verify the long-term benefit of particle-beam radiation therapy (PBRT) for patients with SNACC.

Keywords: nasal cavity and paranasal sinuses adenoid cystic carcinoma, radiotherapy, particle-beam radiation therapy, proton beam therapy, carbon-ion radiotherapy


INTRODUCTION

Adenoid cystic carcinoma (ACC) is a rare condition that accounts for 3–5% of all head and neck malignancies (1). ACC is characterized by a slow growth rate but a high probability of local infiltration, perineural spread, and distant metastasis. ACC usually arises in the major salivary glands; however, with 10–25% of ACC cases originating in the nasal cavity and paranasal sinuses, it is responsible for 5–15% of sinonasal malignancies (2). Sinonasal ACC (SNACC) presents a challenge to oncologists due to its complex anatomy and poor prognosis compared with carcinomas that affect the major salivary glands. The 5-year overall survival (OS) rate is approximately 60% for patients with SNACC compared with 90% for all head and neck ACC (3).

Although surgery is the mainstay of treatment for head and neck ACC, the 10-year local control (LC) of surgery alone was only 60%, and even as low as 30% in patients with positive margins (4). For SNACC patients, complete resection within sufficient safety margins is usually not feasible. Therefore, radiation therapy (RT), either definitive or adjuvant to surgery, is an important part of the multidisciplinary management of SNACC. However, ACC is resistant to photon-based RT (5). This is part of the reason why SNACC, a condition that is also not amenable to surgical resection, has a poor prognosis with the 5-year DSS rate being only 37.3% when treated with RT alone (6). It is clear that a more effective local treatment is needed.

Particle-beam radiation therapy (PBRT), which uses protons or heavier ions such as helium or carbon ions, is relevant in the treatment of SNACC. A particle beam deposits low doses of radiation along its travel path through the body, before reaching its target and distributing most of its dose immediately prior to termination at the Bragg peak. The lateral penumbra of particle beams is significantly sharper than that in photon beams. Compared with photon-based intensity-modulated RT (IMRT), this feature of PBRT improves the therapeutic ratio by introducing a sharp dose gradient between the tumor volume of and adjacent to critical organs at risk (OARs). Also, high linear energy transfer (LET) particles, such as carbon ions, have a relative higher biological effectiveness (RBE) of 2–5, depending on beam energy, fraction dose, and the cell and tissue types irradiated, as compared to photons and protons (the prescribed proton doses used RBE value of 1.1) (7, 8). Both features are of especially importance in the management of SNACC for overcoming the condition's anatomical complexity and resistance to conventional RT. However, while there is ample evidence describing the use of PBRT in heterogeneous ACC patient populations, there is minimal specific data available in relation to SNACC.

The purpose of this study was to report the clinical results of a large patient cohort treated with PBRT at the Shanghai Proton and Heavy Ion Center (SPHIC) over the past five years, including local control, survival and adverse events associated with PBRT.



METHODS


Pre-treatment Workups

All newly diagnosed cases were confirmed by pathology. For patients with recurrent disease, pathological and/or radiological diagnoses were required. All patients were evaluated according to the standardized pre-radiation work-ups of the SPHIC for head and neck cancers. This included a complete history and physical examination (H&P); imaging study of the head and neck region (enhanced magnetic resonance imaging [MRI] was preferred, but computerized tomography [CT] with contrast was permitted if MRI was contraindicated or declined by the patient); routine lab tests (full blood count; serum electrolytes; liver and kidney function tests); fluorodeoxyglucose-positron emission tomography/CT (FDG-PET/CT) (or a thoracic/abdominal CT and a whole body bone scan); urine analysis; and an electrocardiogram (EKG). All disease was staged according to the seventh (diagnosed before 1 January, 2018) or eighth (diagnosed after 1 January, 2018) edition of the AJCC (American Joint Committee on Cancer) TNM (tumor, nodes, metastases) staging system. This study was approved by SPHIC's institutional review board (IRB) with a waiver of informed consent.



Particle Beam Radiation Therapy

AlphaCradle® and thermoplastic masks were used to immobilize patients in a supine position. Simulation CT of the head and neck region without intravenous (IV) contrast was performed at a slice thickness of 1.5 mm. Simulation MRI was also carried out, and then MRI-CT fusion was used to delineate the target and OARs. All disease foci discovered on clinical examination or during imaging studies were the gross tumor volumes (GTVs). Three clinical target volumes (CTVs) were delineated: CTV-G or CTV-N covered primary site (GTVp) or positive neck lymph nodes (GTVnd) plus 1–3 mm depend on the surrounding OARs. CTV 1 included the tumor bed (after R1 resection), the pretreatment tumor bed (the tumor region before R2 resection) and high-risk areas for tumor extension; CTV 2 included the ipsilateral or bilateral jugular lymph node region, depending on cervical lymph node status and primary tumor extension Planning target volumes (PTVs) included the CTVs plus a 3–6 mm expansion to account for range uncertainty and setup errors. OARs delineated included the brain, temporal lobes, brainstem, spinal cord, optic nerves and chiasm, lenses, cochleae, parotid glands, and larynx. Doses of intensity-modulated proton or carbon-ion therapy (IMPT or IMCT) were prescribed in Gy (RBE). The RBE value for proton radiotherapy was 1.1 and for carbon-ion radiotherapy was between 2.8 and 3.7 (depending on the depth in the spread-out Bragg peaks). The dose constraints for OARs were based on normal tissue tolerance as described by Emami et al. (9) and the National Institute of Radiation and Quantum Science (QST Hospital) (10). Intensity-modulated proton therapy (IMPT) and intensity-modulated carbon-ion therapy (IMCT) were delivered with pencil-beam scanning (PBS). Multi-field optimization (MFO) with two to three arrangements was used in most treatment plans. The Siemens Syngo treatment planning system (TPS) was used to plan the IMPT and IMCT. CT without IV contrast was performed weekly on all patients to verify the dose distribution.



Systemic Therapy

No patient in this cohort received concurrent systemic therapy, such as chemotherapy or target therapy, during PBRT. Eleven patients received induction chemotherapy or target therapy. The most commonly used chemotherapy regimens were adriamycin-cyclophosphamide-cisplatin, gemcitabine-cisplatin, or apatinib.



Follow-Up and Toxicity Evaluation

Patients were treated as in-patients and evaluated for acute toxicities daily. Weekly CT scans started from week 2 of PBRT and were used to evaluate response to treatment and any need to re-plan PBRT due to substantial anatomical alterations. Following the completion of treatment, patients were evaluated for adverse effects and disease control according to SPHIC's standardized institutional follow-up protocol. The first follow-up was at four weeks after PBRT completion. The patients were then followed up every three to four months for two years, every six months for three more years, and yearly thereafter.

Each follow-up included a complete H&P, routine lab tests, and imaging studies of the head and neck regions. Other tests, such as PET-CT scans, were also carried out, depending on clinical findings at the time of follow-up. Acute toxicities were defined as those that occurred within 3 months at the initiation of PBRT. Toxicities that occurred after this period until the last follow-up were late toxicities. Both acute and late toxicities was evaluated by the Common Terminology Criteria for Adverse Events (CTCAE) version 4.03.



Statistical Analysis

OS was defined as the duration between diagnosis and death or last follow-up. Local control (LC), regional control (RC), and distant metastasis-free (DMF) were defined as the duration between diagnosis and corresponding failure of control. The LC, RC, DMF, progression-free survival (PFS), and OS rates were calculated using the Kaplan-Meier method performed with SPSS (Version 25.0). Univariate analysis using COX regression model performed with SPSS (Version 25.0). Univariate analysis using competing risk model performed with R statistical software (version3.4.1; R Foundation, Austria).




RESULTS


Patient Characteristics

Forty-one consecutive patients with SNACC were treated at SPHIC between May, 2015, and May, 2019. Three of these patients had distant metastasis (DM) at diagnosis and were excluded. The remaining 38 were included in the analysis. Of these patients, 12 had recurrent disease, including 10 whose previous photon-based RT had failed. The most common primary tumor site was the maxillary sinus. Only two patients presented with T2 disease. The remaining patients suffered from locally advanced disease (T3-4), including one patient with bilateral neck adenopathy. Twenty-nine patients (76.3%) had skull base involvement. Due to extension of the primary tumor, R0 or R1 resections were only achieved in six patients. Thirty-two patients (84.2%) had gross residual tumor before receiving PBRT, and the median GTV volume was 56.8 ml. Eleven patients received induction chemotherapy or target therapy before PBRT. The patients' characteristics are detailed in Table 1.


Table 1. Characteristics of patients.
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Particle-Beam Radiotherapy

Three patients were treated with proton beam therapy (PBT), 17 with carbon-ion radiotherapy (CIRT) and 18 received PBT and a CIRT boost.

The patients who had R0 resections received PBT using 56 Gy (RBE) in 28 fractions at the surgical bed and high-risk regions. Of the 4 patients who had R1 resections, 3 received CIRT using 63 Gy (RBE) in 18 fractions to the tumor bed and 54 Gy (RBE) in 18 fractions to the high risk regions using the simultaneous integrated boost technique. The other R1 patient received PBT (56 Gy (RBE)/28 fractions) followed by a CIRT boost (15 Gy (RBE)/5 fractions). Of the patients with gross disease at their initial treatment, 1 received PBT (66 Gy (RBE)/30 fractions), 4 received CIRT (63-70 Gy (RBE) at the gross tumors and 54-60 Gy (RBE) at the high-risk regions in 18-20 fractions), and 17 patients received a combination of PBT (56 Gy (RBE)/28 fractions) and a CIRT boost (15-17.5 Gy (RBE)/5 fractions). Based on cervical lymph node status as well asand the location and extension of the primary tumor, unilateral neck irradiation was performed in nine patients, and bilateral neck irradiation was performed in seven patients.

Of the 10 patients who were re-irradiated, CIRT using 60-66 Gy (RBE) in 20-22 fractions was given to the recurrent tumor and 54-59.4 Gy (RBE) in 20-22 fractions for the high-risk regions. None of the re-irradiated patients received CIRT to the neck. Typical treatment plans for the combination of PBT and CIRT boost or CIRT alone are illustrated in Figures 1, 2.


[image: Figure 1]
FIGURE 1. Axial (A,B), sagittal (C), and coronal (D) views of a typical intensity-modulated carbon ion radiotherapy treatment plan.



[image: Figure 2]
FIGURE 2. Axial (A,B), sagittal (C), and coronal (D) views of a typical intensity-modulated proton and carbon ion-boost radiotherapy treatment plan.




Disease Control and Survival Outcomes

The cohort's median follow-up was 27.2 months (5–56.6 months). All but one patient were alive at their last follow-up. This patient had received re-irradiation and died from hemorrhage 10 months after the completion of CIRT without evidence of disease progression. Two in-field and one out-field local failure were observed, include two patients who had received CIRT re-irradiation for recurrent disease. Two patients developed DM at 21.5 and 22.8 months after PBRT. No regional failures were observed. The 3-year OS, PFS, LC, RC, and distant metastasis-free (DMF) rates for the entire cohort were 96.7, 80.6, 90.0, 100, and 88.7%, respectively (Figure 3). Although no significant difference was found, the LC and survival rates in patients with T4 disease were poorer (the 3-year OS, PFS, LC, and DMF rates being 95.7, 73.5, 86.9, and 84.0%) compared with T1-3 patients (the 3-year LC and survival rates were all 100%) (Figure 4).


[image: Figure 3]
FIGURE 3. Three-year survival rates for entire cohorts: OS (A), PFS (B), LC (C), and DMF (D).
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FIGURE 4. Three-year survival rates for patients with T1-3 disease compared with T4 patients: OS (A), PFS (B), LC (C), and DMF (D).




Toxicities

The acute and late toxicities induced by PBRT are summarized in Table 2. Sixteen patients (42.1%) experienced 19 events of grade 2 acute toxicity, including mucositis, dermatitis, and xerostomia. Ten of the sixteen patients received PBT and CIRT boost treatment, CIRT only was performed in 4 patients and 2 patients only received PBT. No acute toxicities of grade 3 or above were observed.


Table 2. Characteristics of acute and late toxicities.
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Fifteen events of grade 1–2 late toxicity were observed including 9 patients received PBT and CIRT boost radiotherapy, 5 patients were treated with CIRT only and 1 with PBT only. The most common late toxicity was xerostomia. Other grade 1–2 toxicities included facial edema, facial numbness, vision impairment, epiphora, blepharoptosis, diplopia, and tinnitus. Only a small number of grade 3 toxicities occurred, including one event of xerostomia and one of vision impairment. The patient who developed grade 3 vision decreased at three months after the completion of CIRT re-irradiation. One patient died of hemorrhage (grade 5 toxicity associated with re-irradiation) 10 months after completing CIRT re-irradiation as salvage treatment.




DISCUSSION

The aim of our retrospective study was to describe the outcomes of SNACC patients treated with intensity-modulated PBRT. By examining a cohort of 38 SNACC patients, most of whom had T4 disease (76.3%) or locally recurrent disease after RT (26%), we found that PBT, CIRT, and a combination of the two appeared to be safe and effective. All but 1 patient were alive at a median follow-up of 27.2 months. The 3-year OS, PFS, LC, RC, and DMF rates of the cohort were 96.7, 80.6, 90.0, 100, and 88.7%, respectively. Additionally, no acute grade 3 or above toxicities were observed. Late toxicities of grade 3 or above were observed in 3 patients, including 1 patient who died from hemorrhage 10 months after completing CIRT re-irradiation as salvage treatment.

SNACC is a rare condition with poor prognosis that accounts for 10–25% of all head and neck ACC (11, 12). Given the complicated anatomy of the sinonasal region, gross tumor resection is difficult to achieve and can result in LC failure (13, 14). SNACC is a chemotherapy-resistant condition (15–22). Postoperative RT is usually used to improve LC and survival in these patients. The results of several retrospective studies have shown that, compared with surgery alone, the combination of RT and surgery not only decreases local failures, but also improves 5-year disease-specific survival (DSS) (4, 6). However, for patients with unresectable tumors, definitive radiotherapy is the only approach. As a result of it radioresistant nature (5), several recent researches reported an inferior 5-year LC of 42–56% in head and neck ACC (23, 24), with the 5-year DSS rate being only 37.3% for SNACC patients treated with RT alone (6).

Due to this radioresistance, PBRT, including neutron therapy, PBT, and CIRT, has been used to improve disease control rates. A prospective randomized phase-III trial comparing the LC rate of neutron and photon radiotherapy (13) found a 10-year LC rate of 56% in neutron therapy compared with 17% in conventional RT. Another retrospective study showed a significantly higher 5-year LC rate of 75% for the neutron therapy group compared with 32% in the photon therapy group (14). However, severe toxicities were more prevalent in the neutron therapy group (19%) than in the photon radiotherapy group (4%) (13, 14).

Due to the Bragg peak, PBT and CIRT can provide a more precise dose distribution, facilitating high-dose irradiation of tumor volume while sparing OARs. In a case series of 13 patients with locally advanced SNACC, Dautruche et al. retrospectively analyzed the survival of patients treated with PBT and/or tomotherapy. They reported 3-year OS, LC and DM free survival (DMFS) rates of 60, 48, and 60%, respectively (25). Recently, a retrospective study of postoperative PBT for head and neck ACC showed promising LC (26): 94% of patients achieved R0 or R1 resection with a median follow-up of 24.9 months. Only one patient developed in-field recurrence. Another study by Pommier et al. analyzed the efficacy of PBT combined with photon radiotherapy in the treatment of 23 ACC patients with skull base invasion. They reported 5-year LC and OS rates of 93% and 77% (27). More recently, Linton et al. reported 2-year LC and OS rates of 92 and 82% in head and neck ACC patients treated with PBT (28). Although a higher LC rate was achieved in PBT, the incidence of radio-induced toxicities was still high. The incidence rates of severe acute and late toxicities were 6.3–26 and 4–13%, respectively (25–28).

In addition to PBT, CIRT is a high LET beam and has a higher RBE compared with proton and photon beams. In the COSMIC study, Jensen et al. investigated the efficacy and safety of IMRT combined with a CIRT boost for salivary malignancies. With a median follow-up of 42 months, the 3-year LC in ACC patients was 81.9% (29). In another study by the same researchers, Jensen et al. also compared the outcomes of IMRT and IMRT combined with a CIRT boost (30). This study included 95 inoperable or subtotal resection head and neck ACC patients. This study showed that the LC and OS rates were significantly higher in the CIRT boost group than in photon group (the 10-year LC and OS rates were 42.2 and 44.2% in the CIRT boost group and 32 and 19.6% in the IMRT alone group) (30). Another study included 309 head and neck ACC patients treated with IMRT and a CIRT boost, of whom 61% had T4 disease. The overall 3-year LC and OS rates were 83.7 and 88.9%, respectively (31). However, the 3-year LC and OS rates for T4 patients were 75.9–89.6% and 38.6–72.5%. This study also revealed that T classifications were significant prognostic factors for LC (31). More recently, a retrospective study that included 227 SNACC patients treated with IMRT combined with a CIRT boost reported 3-year LC and OS rates of 82 and 79% for patients who had received surgery before PBRT, and 79 and 64% for patients who did not receive surgery (32). This study also showed that patients with T4 disease had a significantly poorer LC rate (32). A retrospective study of CIRT alone with the largest number of head and neck ACC patients analyzed 289 eligible patients, including 122 with SNACC, reported 2-year OS and PFS rates of 94 and 68% (8). In this study, 41 patients (15%) had local recurrence. Both multivariate and univariate analysis suggested that a large GTV and T4 disease were associated with lower LC, OS, and PFS (8). In our study, 76.3% of patients suffered T4 disease and gross tumor was present in 84.2% patients. Although no significant difference was found, the 3-year LC and OS rates of patients with T4 disease (86.9 and 95.7%) were lower than that of T1-3 patients (LC and OS rates were both 100%). These observations were consistent with previous research. While there were many adverse prognostic factors present in these patients, our study still produced promising outcomes, the 3-year OS, PFS, LC, and DMF rates being 96.7, 80.6, 90.0, and 88.7%.

PBRT provides precise dose distribution to tumor volumes while sparing OARs. Studies report acute grade 2 toxicities, such as dermatitis, mucositis, and dysphagia occur in 27–62% of patients and the incidence rate of acute grade 3 dermatitis or mucositis was 6.3–26% after PBT (25–28). PBT-induced severe (grade 3 or 4) late toxicities (osteoradionecrosis, otologic, or ocular toxicities) occur in 4–13% of patients (27, 28). However, the incidence rate of brain injury induced by PBT in patients with skull base invasion is as high as 56.5%. Of these patients, 43.5% had a grade 3 brain injury (27). In a study using bimodal treatment (a combination of IMRT and CIRT), German researchers reported that the incidence rate of acute grade 3 toxicities, such as dermatitis, mucositis, dysphagia, or conjunctivitis, was between 4 and 42%, and severe late toxicities were reported in 2–17% of patients (29–32). The incidence rates of central neural system necrosis or cranial paralysis were reported at 2–6% (30, 31). In the above-mentioned study of CIRT alone for head and neck ACC treatment, Sulaiman et al. described acute grade 3 mucositis, grade 3 dermatitis, and late grade 3 or above toxicities (including osteoradionecrosis, visual impairment, brain injury, hemorrhage, and mucositis) occurring in 29, 3.8, and 15% of patients, respectively (8). In our study, no patients suffered acute toxicities of grade 3 or above. The incidence rates of grade 2 dermatitis, mucositis, and xerostomia were 2.6, 39.5, and 7.9%, respectively. Severe late toxicities occurred in three patients. One patient with orbital invasion who received CIRT re-irradiation developed grade 3 vision impairment. Another patient suffered grade 3 xerostomia. One patient with recurrent T4 maxillary sinus ACC developed grade 5 hemorrhage at 10 months after completing CIRT re-irradiation.

As head and neck ACC is insensitive to systemic therapy, distant metastasis remains a major problem; recent studies have found that the distant failure rate ranges between 30 and 55% (8, 25–32). Moreover, previous research has shown a significant linear correlation between distant metastasis and OS. In our cohort, the DM rate was 5.3%; however, this incidence rate may have been underestimated due to insufficient follow-up time. We also failed to find a correlation between DM and survival rates, which may be attributable to the short follow-up time and our small sample size. The latest ACCEPT trial found that the combination of cetuximab and IMRT with a CIRT boost was a feasible approach for head and neck ACC treatment. Long-term follow-up to verify the benefit in survivals is underway (33).

Two limitations of this study need to be discussed, the major one being its retrospective nature. However, due to the rarity of SNACC, this disease is predominantly investigated in retrospective studies, case reports, or single-center experiences. Secondly, we had tried to use COX regression model or competing risk model, but the sample size and number of events were too small for prognostic factor analyses. Additionally, as SNACC is a slow-growing tumor, the median follow-up time of 27.2 months was relatively short. Therefore, a longer follow-up time is needed.



CONCLUSION

Our results showed that PBRT is an effective and safe treatment option for SNACC. The 3-year OS, PFS, LC, RC, and DMC rates were 96.7, 80.6, 90.0, 100, and 88.7%, respectively. The toxicities related to PBRT were infrequent and mild. No severe acute toxicities were observed, but three patients developed severe late toxicities. Longer follow-up is needed to verify the long-term benefit of PBRT for patients with SNACC.
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Recently, a growing number of studies focus on partial tumor irradiation to induce the stronger non-target effects. However, the value of partial volume carbon ion radiotherapy (CIRT) targeting hypoxic region of a tumor under imaging guidance as well as its effect of inducing radiation induced abscopal effects (RIAEs) have not been well investigated. Herein, we developed a technique of carbon ion microporous radiation (CI-MPR), guided by 18F-FMISO PET/computerized tomography (CT), for partial volume radiation targeting the hypoxia area of a tumor and investigated its capability of inducing abscopal effects. Tumor-bearing mice were inoculated subcutaneously with breast cancer 4T1 cells into the flanks of both hind legs of mouse. Mice were assigned to three groups: group I: control group with no treatment; group II: carbon ion open field radiation (CI-OFR group) targeting the entire tumor; group III: partial volume carbon ion microporous radiation (CI-MPR group) targeting the hypoxia region. The tumors on the left hind legs of mice were irradiated with single fraction of 20 Gy of CIRT. Mice treated with CI-MPR or CI-OFR showed that significant growth delay on both the irradiated and unirradiated of tumor as compared to the control groups. Tumor regression of left tumor irradiated with CI-OFR was more prominent as compared to the tumor treated with CI-MPR, while the regression of the unirradiated tumor in both CI-MPR and CI-OFR group was similar. Biological-guided CIRT using the newly developed microporous technique targeting tumor hypoxia region could induce robust abscopal effects similar to CIRT covering the entire tumor.
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Introduction

The therapeutic effects of ionizing radiation are often limited by the hypoxia of tumors (1–4). Hypoxia plays important role in radiation resistance, angiogenesis, and metastatic potential (5). Various strategies include the combined use of chemotherapy or agents that directly target the hypoxic cells to increase the radiosensitivity with radiotherapy. However, local failure due to insufficient response to combined treatment modality, remains a major mode of treatment failure (6–9).

Recently, the results of a growing number of in vitro and in vivo studies indicate that, in addition to the local therapeutic effects, radiation therapy may be in favor of changing the tumor microenvironments correlated with immunity and endothelial cells of the tumor micro-vasculatures, thereby inducing the non-target effects, such as radiation induced bystander effects and abscopal effects (RIAEs) (10–13). RIAEs are radiation induced effects in unirradiated tumors distant from irradiated target regresses. Both pre-clinical and clinical studies have confirmed the existence of abscopal effects and its potential antitumor effects (14–16). Furthermore, Tubin et al. demonstrated that the exposure of lung cancer cells to hypoxia and irradiation of hypoxic cells triggered significant RIAEs (17). Additionally, the hypothesis of targeting the hypoxic area of the tumor with a high dose photon-based radiation in attempts to induce an intentional RIAEs in oligometastatic patients was tested (18–20), indicating that the hypoxic area in tumor may be a critical factor contributing to RIAEs from radiation. Massaccesi et al. also adopted the technique of high single-dose partial irradiation targeting the hypoxic tumor segment for patients with recurrent bulky lesions, and demonstrated anti-tumor efficacy in their initial clinical results (21). However, the mechanisms through which irradiation exerts its immune modulation effects, are not well clarified.

Based on these preliminary investigations, a growing number of studies focus on partial tumor irradiation with high-dose hypofractionation or single high dose schedule, with an aim to potentially increase the therapeutic efficacy for bulky tumors (14, 15). Of all types of ionizing radiation beams, carbon ion beams are featured with Bragg peak as it has higher linear energy transfer (LET) and relative biological effectiveness (RBE), compared to those of photon and proton (22). Ionization radiation beams of higher LET have been shown to induce more complex DNA damage, despite reportedly more effective in eradicating tumor cells under hypoxic environment, as compared to those with lower LET (23–27). Theoretically, the physical and biological advantages of carbon ion radiation therapy (CIRT) make it more appropriate in the management of bulky or radio-resistant tumors (28–30). Results of pre-clinical or retrospective studies have confirmed its advantages in tumor proliferation and metastasis over photon (31–33). Nevertheless, the value of partial volume CIRT targeting hypoxic region(s) of a tumor under imaging guidance, as well as its effect of inducing RIAEs, have not been well investigated.

18F-Fluoromisonidazole (18F-FMISO) as hypoxia PET imaging probe has commonly been applied for hypoxic imaging in clinic, and will occur redox reactions under the action of xanthine oxidase and stably combine with some cellular components, thereby reflecting the degree of hypoxia in solid tumors (34, 35). Herein, we developed a type of microporous radiation technique of CIRT (CI-MPR), guided by 18F-FMISO PET/computerized tomography (CT), for partial volume radiation targeting the hypoxia area of a tumor and investigated its capability of inducing abscopal effects. This study provides the basis for further investigations for exploring the underlying mechanisms of immune modulating effect induced by CIRT.



Material and Methods


Cell Line

The mammary carcinoma cell line 4T1 (closely mimic stage IV human breast cancer) was obtained from the American Type Culture Collection (ATCC). The cells were cultured in Dulbecco modified Eagle medium (DMEM) with 10% fetal bovine serum (FBS) at 37°C in a humidified atmosphere of 5% CO2.



Animal Experiments

All animal experimental protocols and procedures were approved by the ethics committee of the SPHIC. Four-to-five-week-old and female BALB/c mice were purchased from Shanghai SLAC Laboratory Animal Company and required to acclimate for a week before experiment. The mice were maintained in the specific pathogen free (SPF) environment.

For experiments in which tumor-bearing mice were used, mice were inoculated subcutaneously with 1*106 4T1 cells into the flanks of both hind legs of mouse for initiating tumor. Tumors were allowed to grow to an area of 7*7 mm before irradiation and systematized within 10% differences in the intra-and inter-tumor volumes. Tumor volume was calculated with the following formula: L × W2 × 0.52 (L was the longest diameter and W was orthogonal to L). The volume was measured every other day after radiation until tumor size reached 10% of the mouse’s body weight. Tumor volume at each time point (Vt) was normalized to the initial volume (V0), and the fold change in tumor volume was calculated.



18F-Fluoromisonidazole Micro-PET/Computerized Tomography Imaging and Quantitative Analysis

18F-FMISO was produced using a modified Explora FDG4 module (Siemens) at SPHIC. For evaluation of the hypoxia status of tumors, micro-PET/CT (Inveon Siemens) scanning was performed on the day before irradiation treatment with an injection of 5.55 MBq (150 μCi) of 18F-FMISO through the tail vein (Figure 1). 18F-FMISO was injected 4 h before the scan (36). Isoflurane was utilized 10 minutes before the scan, and mice were kept under anesthesia during the period of scan. The images were reconstructed with a three dimensional ordered-subset expectation maximization (OSEM3D)/maximum algorithm. The region of interest (ROI) was manually delineated to cover the entire tumor on fused images for data analysis. A similar circular ROI was drawn on the muscle of the opposite hind leg of the mouse on fused images. In order to evaluate the uptake of 18F-FMISO in tumors, the maximum standardized uptake value (SUVmax) was calculated by measuring the maximal concentration of radioactivity in ROI. The tumor tissue SUVmax (T), the contralateral normal muscle SUVmax (N), and the ratio of the two values (T/N) were calculated.





Figure 1 | 18F-FMISO PET/computerized tomography (CT) imaging was performed before irradiation treatment for evaluating the hypoxia status of tumors.





Treatment Planning and Delivery of Carbon Ion Radiotherapy

Mice were assigned to three groups based on randomized experimental designs (37): group I: control group with no treatment; group II: CIRT with open field (CI-OFR group) targeting the whole tumor; group III: partial volume carbon ion microporous radiation (CI-MPR group) targeting hypoxia region. Each group had eight mice. The tumors on left hind legs of mice were irradiated using partial volume CI-MPR or CI-OFT using 20 Gy (physical dose) in a single fraction.

Mice were anesthetized and immobilized on poly(methyl methacrylate) (PMMA) plates. An EBT3 film was attached on plates, opposite to mice side, so that the mice positioning could be monitored by checking the film response after irradiation (Supplementary Figure 1A). Then the mouse was placed on a box chamber, where two hind legs of the mouse were perpendicular to the beam axis. To secure precise irradiation of the tumor hypoxia area, we developed a microporous radiation system using a block with a pore in the center (Supplementary Figure 1B). The rectangular block 1 with a hole in the center made of aluminum was manufactured for the CI-MPR group. The dimensions of the block were 70.0 mm * 70.0 mm * 20.0 mm, and diameter of hole was 1.5 mm in the center (Supplementary Figure 1B). Tuned carbon-ion beams penetrate the target with a relative dose of 35%. The dose profile presented in Figure 2A shows that the off-axis distance of the point radiation was 2 mm (full width at half maximum, FWHM). We named this technique carbon ion microporous radiation (CI-MPR). Another block 2 with a gap for the open-field irradiation group, was positioned as close as possible to the mouse. The dimension of the block 2 for open-field radiation group was 120.0 mm * 80.0 mm * 20.0 mm, and the left gap (40.0 mm * 30.0 mm) was left to expose the irradiation targets (Supplementary Figure 1C). The dose profile of the open field carbon-ion radiation (CI-OFR) used in the study was shown in Figure 2C, and the off-axis distance was 30 mm (FWHM). A horizontal beam was used to protrude through the hole or gap of the block and was adjusted to the isocenter of tumor of the left hind leg by the longitudinal and sagittal laser (see Supplementary Figures 1B, C).

CIRT treatment plans were generated in the Syngo (Version 13B, Siemens, Erlangen, Germany) treatment planning system (TPS). The modulated carbon-ion treatment plan had a circular field with a lateral diameter of 20.0 mm. The planned modulation width was 17.0 mm, the planned beam range was 20.0 mm. The prescribed dose to the spread-out Bragg-peak (SOBP) was 20 Gy (physical dose). The output factor of block 1 was calculated with the beam model, and dose profiles of CI-MPR and CI-OFR group were shown in Figures 2A, C. Since the plan was designed to treat superficial targets, a PMMA range shifter was used to better the superficial dose distribution. The energies of the carbon beams used were from 116.48 to 141.7 MeV/u, with the corresponding dose averaged LET between 350.07 and 368.82 KeV/μm within the targets.



Statistical Analysis

The fold change differences of tumor volume on irradiated and unirradiated tumors during the period of observation and on day 15 between the control group and the other two groups were analyzed by two-way ANOVA and two-tailed unpaired Student’s t test, respectively. P values of <0.05 were considered statistically significant.




Results


18F-FMISO Micro-PET/Computerized Tomography Imaging

To visualize the tumor hypoxia area, the positron emitted probe 18F-FMISO was injected intravenously into a mouse via tail vein with a dose of 150 μCi. 18F-FMISO PET/CT imaging was performed on tumor-bearing mice before radiation treatment. Typical images are shown in Figure 1. The probes were mainly distributed in the center of the tumor, which depicts the hypoxic area of the tumor clearly in the left and right hind leg of mice, with a T/N value of 1.4.




Carbon-Ion Microporous Radiation

To secure precise irradiation of the tumor hypoxia area, we developed a microporous radiation system called carbon ion microporous radiation (CI-MPR) using a block with a pore in the center with a diameter of 1.5 mm (Supplementary Figure 1B). To further protect the area from unnecessary irradiation, we maximized the block size to cover entire body of mouse except for the CIRT field (Supplementary Figures 1B, C).

Moreover, to further maintain radiation accuracy, a piece of EBT3 film was attached on plates, opposite to where the mouse is located, so that the positioning of the mice could be verified by the film response after irradiation. Figure 3A showed that the reaction on EBT3 film occurred only in the irradiated area in a case of CI-OFR and CI-MPR group. The outline of irradiated tumor and the left leg could be clearly seen in the CI-OFR group, while in the CI-MPR group, one vertex after irradiation on the EBT3 film, indicating that our radiation technology is feasible and reliable for both CI-MPR and CI-OFR.



In Vivo Abscopal Effects After Carbon Ion Microporous Radiation and Carbon Ion Open Field Radiation

To compare the antitumor immune response to both CI-MPR and CI-OFR for primary and distant tumors, we first established an animal tumor model on both hind legs. When the tumor grew to approximately 7mm x 7mm, the tumor on the left hind leg was irradiated by CI-MPR or CI-OFR. The process of CIRT was shown in Figure 2.




Figure 2 | Mouse irradiation and dose profile. (A, B) The radiation area and dose profile of carbon ion microporous radiation (CI-MPR) group. (C) The radiation area and dose profile of carbon ion open field radiation (CI-OFR) group.



The growth of the irradiated tumor (on the left hind leg) and the unirradiated tumor (on the right hind leg), as well as the fold changes of the tumor volumes during the observation and on day 15, were shown in Figure 3.




Figure 3 | The response after irradiation on EBT3 film and evaluation of tumor volume change of the irradiated and unirradiated tumors. (A) The response and one vertex of irradiation could be noted in carbon ion open field radiation (CI-OFR) and carbon ion microporous radiation (CI-MPR) group on the EBT3 film, respectively. (B) Tumor volume change on left side (irradiated) during the observation, and p <0.05 and 0.0001 are indicated by * and ****. (C) Tumor volume change on right side (unirradiated) during observation, and p <0.05 and 0.01 are indicated by * and **. (D) Quantitative analysis of irradiated tumor (left side) volume change on day 15. (E) Quantitative analysis of unirradiated tumor (right side) volume change on day 15. Each bar represents the standard error, and p <0.05, 0.01, 0.001, 0.0001 are indicated by *, **, ***, ****.



Tumors on both legs of the mice in the control group showed rapid growth as compared to the mice treated with CI-MPR or CI-OFR. Mice treated with CI-MPR or CI-OFR showed that significant growth delay on both the left side (irradiated) and right side (unirradiated) of tumor as compared to the control groups, indicating the direct and abscopal anti-tumor effects of carbon ion beams. Tumor regression of left-sided tumor irradiated with CI-OFR was more prominent as compared to the tumor treated with CI-MPR, and the fold change of the tumor volumes on day 15 in CI-MPR was 25.3 times that of CI-OFR group (P<0.05), demonstrating CI-OFR provided higher local radiation effects than CI-MPR. However, regression of the unirradiated tumor on the right side in both CI-MPR and CI-OFR group was similar, and the fold change of the tumor volumes on day 15 in CI-MPR was 1.1 times that of CI-OFR group (P>0.05), indicating that CI-MPR provided similar abscopal effects as CI-OFR. This phenomenon demonstrated that microporous CIRT with a diameter of 1.5 mm targeting the hypoxic area could achieve similar abscopal effects as open field irradiation.




Discussion

This present study evaluated the anti-tumor effects triggered by carbon ion microporous radiation targeting hypoxic area with a single high dose on murine tumor model as compared to the conventional open-field tumor technique. The hypoxic area was visualized by 18F-FMISO Micro-PET/CT imaging, and the feasibility of the microporous irradiation technique was verified by the EBT3 film and an in vivo tumor model. Our study revealed two major new observations: CIRT could induce prominent abscopal effects in vivo, and more interestingly, CIRT using our microporous radiation technology could induce abscopal effects similar to CIRT open-field.

To the best of our knowledge, we presented the first in vivo evidence of anti-tumor effect of carbon ion microporous irradiation targeting tumor hypoxic area and explored its potential significance, with similar results reported in photon (17, 18, 38). Tubin et al. demonstrated that irradiation for hypoxic tumor cells induced higher RIAE compared to the normoxic cells in their preclinical research. Tubin et al. and Massaccesi et al. also adopted a radiation technique targeting the hypoxic segment of the tumor exclusively with single high dose as palliative treatment in oligometastatic cases or patients with previously irradiated recurrent bulky solid lesions. The researchers observed regression of the irradiated lesions as well as metastatic lesions (unirradiated) after treatment, thereby proving the anti-tumor effect and its validity through this strategy. The authors speculated that targeting the hypoxic region with ionizing radiation may release certain abscopal signals to activate the immune system in comparison with the normoxic region, thus triggering regression of irradiated and unirradiated tumor. As carbon ion beams possess higher RBE and induce more complex DNA damage (70% in the form of double bond break) as compared to photon (23), results of preclinical study have shown that carbon ion beams are more effective than photon beams in eradicating hypoxic tumor cells (28). Our study clearly demonstrated clear growth delays of irradiated and unirradiated tumor after CI-MRP targeting the hypoxic area, and we postulate that CIRT targeting hypoxic region of a tumor may lead to RIAEs in a different manner compared to the photon. However, the differences in the magnitude and mechanism between CIRT and photon beam radiation are awaiting to be investigated.

In the clinical setting, the prescribed dose of the conventional open-field RT for bulky tumors is frequently limited by the surrounding organs at risk. Partial volume tumor irradiation, such as GRID or Lattice, has been shown to evoke anti-tumor immune response and is constantly being applied for improving the therapeutic effect as well as side effects (13, 15, 39). In a clinical investigation, Tubin et al. compared the therapeutic effect of a stereotactic body radiotherapy group targeting partial tumor hypoxic segment (SBRT-PATHY) and a conventional palliative radiation group targeting the entire volume tumor for the unresectable stage IIIB/IV bulky non-small cell lung cancer (NSCLC) to similar doses. Interestingly, the control of both the irradiated bulky tumor and distant tumor (unirradiated) were significantly improved in the SBRT-PATHY groups, as compared to those in the palliatively irradiated group (P<0.05) (20). In our study, we observed that the response of the partially irradiated tumor targeting hypoxia in the CI-MPR group was not as significant as the open-field group. The underlying reason of the different observation described by Tublin et al. may be a result of, at least in part, the limited irradiated volume in our study which did not cover the entire hypoxic region of the tumor. Additionally, sufficient signaling mediating bystander effect to the unirradiated normoxic region could not be established (13). However, the similar abscopal effects in both the microporous and open-field group demonstrated in our study indicated that carbon ion targeting the hypoxic region, despite its small volume, is sufficient to generate RIAE in the same magnitude. As hypoxic areas are usually located near the center of the tumors, precision radiation therapy using particle beams targeting hypoxic area, even at a very high dose, usually does not result in unnecessary irradiation to the adjacent OARs, thereby substantially improving its therapeutic ratio.

As this is the first reported study on the partial volume particle beam radiation targeting hypoxic region using carbon ion beam, the observations of our study need to be investigated in other tumor models for its generality and specificity. Additionally, investigations that explore the differences in the magnitude between carbon-ion, proton, and photon beams are necessary. At the Shanghai Proton and Heavy Ion Center (SPHIC), studies using various ionizing beam types to explore the local and abscopal effects of hypoxia-targeting partial volume microporous radiation have been initiated using mouse models of glioma, lung cancer, and sarcoma.

Previous studies about RIAEs, induced by partial volume radiation with photon, demonstrated that partial volume irradiation may retain tumor infiltrating lymphocytes in unirradiated areas of the tumor, which can promote stronger anti-tumor responses (40). Additionally, it is suggested that the abscopal effect of partial volume radiation could be mediated by the immunogenic cell death (ICD) and immunogenic modulation (IM) (14). Immunogenic modulation (IM) triggered by radiation contains the upregulation of release of tumor associated antigen (TAAs), the expression of major histocompatibility complex I molecules (MHC-I), the activation of T cells effectively, and the secretion of chemokine and cytokine, thereby altering the tumor microenvironment (TME) and enhancing the anti-tumor immune system function (41). With ongoing investigations at SPHIC, we expect to further illustrate the mechanisms through which partial volume microporous irradiation with carbon ion exerts its immune modulation effect.

Our study demonstrated that biological-guided CIRT using the newly developed microporous technology, targeting tumor hypoxia region only without encompassing the entire tumor volume, could induce robust abscopal effects similar to CIRT covering the entire tumor. The underlying mechanism requires further investigations using animal modes before translating to clinical application.
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Supplementary Figure 1 | Mouse positioning and irradiation device. (A) Mice were anesthetized and immobilized on PMMA plates. An EBT3 film piece was attached on plates, opposite to mice side, so that the mice positioning could be monitored by checking the film response after irradiation. (B) The dimension of the block 1 for CI-MPR group. (C) The dimension of the block 2 for CI-OFR group, and the left gap was left to expose the irradiation targets.
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Background

Management of locally recurrent rectal cancer (LRRC) after surgery or external beam radiotherapy (EBRT) remains a clinical challenge, given the limited treatment options and unsatisfactory outcomes. This study aimed to assess long-term outcomes of computed tomography (CT)-guided radioactive 125I seed implantation in patients with LRRC and associated prognostic factors.



Methods

A total of 101 patients with LRRC treated with CT-guided 125I seed implantation from October 2003 to April 2019 were retrospectively studied. Treatment procedures involved preoperative planning design, 125I seed implantation, and postoperative dose evaluation. We evaluated the therapeutic efficacy, adverse effects, local control (LC) time, and overall survival (OS) time.



Results

All the patients had previously undergone surgery or EBRT. The median age of patients was 59 (range, 31–81) years old. The median follow-up time was 20.5 (range, 0.89–125.8) months. The median LC and OS time were 10 (95% confidence interval (CI): 8.5–11.5) and 20.8 (95% CI: 18.7–22.9) months, respectively. The 1-, 2-, and 5-year LC rates were 44.2%, 20.7%, and 18.4%, respectively. The 1-, 2-, and 5-year OS rates were 73%, 31.4%, and 5%, respectively. Univariate analysis of LC suggested that when short-time tumor response achieved partial response (PR) or complete response (CR), or D90>129 Gy, or GTV ≤ 50 cm3, the LC significantly prolonged (P=0.044, 0.041, and <0.001, respectively). The multivariate analysis of LC indicated that the short-time tumor response was an independent factor influencing LC time (P<0.001). Besides, 8.9% (9/101) of the patients had adverse effects (≥grade 3): radiation-induced skin reaction (4/101), radiation-induced urinary reaction (1/101), fistula (2/101), and intestinal obstruction (2/101). The cumulative irradiation dose and the activity of a single seed were significantly correlated with adverse effects ≥grade 3 (P=0.047 and 0.035, respectively).



Conclusion

CT-guided 125I seed implantation is a safe and effective salvage treatment for LRRC patients who previously underwent EBRT or surgery. D90 and GTV significantly influenced prognosis of such patients.





Keywords: locally recurrent rectal cancer, 125I seed implantation, dosimetry, prognosis, adverse effects



Introduction

Locally recurrent rectal cancer (LRRC) refers to the recurrence, progression, or development of new sites within the pelvis after previous standard treatment for rectal cancer (1). Although preoperative chemoradiotherapy followed by total mesorectal excision (TME) significantly decreased the local recurrence rate, local recurrence has been reported in 5–11% of patients (2). Prognosis in LRRC patients is poor, with a median survival time of 10 months without treatment (3), and a reported 5-year survival rate of 10% (4). The majority of patients have severe symptoms such as pain, hematochezia, and fistula.

Surgery is an effective option and radical (R0) resection is an independent prognostic factor. Because the tumor typically shows extensive involvement in the pelvis, less than one-sixth of patients are eligible for R0 resection (5). The benefits of reirradiation include possible palliation by decreased steroid use, improvement in neurological symptoms, and extension of progression-free survival (PFS) and overall survival (OS) in some patients. Nevertheless, considering previous irradiation to the normal tissue, sufficient doses can hardly be delivered to the recurrent tumor in the pelvis (6). Furthermore, locally recurrent tumors are mostly located in the previously irradiated field, making it more challengeable for patients to undergo reirradiation (7). In addition, reirradiation with conventional radiation therapy confers a high rate of grade 3 adverse effects and late toxicities.

Nevertheless, 125I seed implantation can overcome the above-mentioned limitations. The dose of 125I seed is inversely proportional to the square of the distance, indicating that the dose is remarkably reduced surrounding the tumor. Interstitial implantation of 125I seeds delivers a high dose of radiation (140–180 Gy) to the tumor and spares surrounding normal tissues. In addition, 125I seed provides a slow continuous release of radiation that allows repair of sublethal damage and reoxygenation of hypoxic areas in the late-responding tissues. Therefore, radioactive 125I seed implantation might be a promising choice for the treatment of malignant tumors owing to its curative effect, minimal surgical trauma, and tolerable complications. The present study aimed to evaluate the efficacy and safety of computed tomography (CT)-guided 125I seed implantation for LRRC patients who underwent external beam radiotherapy (EBRT) or surgery, in addition to analysis of some prognostic factors.



Patients and Methods


Patients

This retrospective study collected the data of 101 patients with LRRC who were treated with CT-guided 125I seed implantation from October 2003 to April 2019. The study protocol was approved by the Ethics Committee of our hospital. All patients signed the written informed consent. The inclusion criteria were as follows: (1) patients with LRRC who were pathologically diagnosed; (2) extraluminal pelvic recurrence, without distal metastasis or with controllable oligometastasis; (3) tumor size < 7cm; (4) recurrence after surgery or EBRT, or refusal of surgery or EBRT; (5) life expectancy≥3 months. The patients’ median age was 59 (range, 31–81) years old. After tumor recurrence, all the patients received chemotherapy before seed implantation. And 17 (16.8%) patients received second-line or further chemotherapy. All the patients had received curative surgery or EBRT previously. Except for one case, 100 patients underwent surgery. Among all patients, 12 patients had no history of undergoing irradiation, 74 patients received one course of EBRT, and 14 patients received two courses of EBRT. The median cumulative dose in the pelvis was 50 (range, 30–130) Gy. All the patients had received chemotherapy previously. Demographic and clinical data of patients are listed in Table 1.


Table 1 | Clinical details and patient demographics.





CT-Guided 125I Seed Implantation

Supine or prone position was chosen according to the tumor location. All the patients underwent contrast-enhanced CT scan with a slice thickness of 5 mm, one week before the implantation. CT data were transmitted to the brachytherapy treatment planning system (BTPS) (KLSIRPS-3D) which was provided by the Beijing University of Aeronautics and Astronautics and Beijing Astro Technology Co., Ltd. The radiation oncologists delineated the gross target volume (GTV) and organs at risk (OARs). Planned target volume (PTV) was defined as an extension of 5–10 mm from GTV. The optimal access for implantation (site, direction, and depth), prescription dose, number of seeds, single-seed activity, and seed distribution were designed.

Spinal anesthesia was induced in all patients. Under CT guidance, the needles were inserted into the planned site and arranged in parallel 5–10 mm apart. Then, the 125I seeds (6711_1985, Shanghai GMS Pharmaceutical Co., Ltd.) were implanted using a Mick seed implantation gun (Mick Radio-Nuclear Inc., Mount Vernon, NY, USA), by maintaining 1 cm between two seeds. After finishing seeds implantation, another CT scan was performed to verify the distribution of the seeds, and to calculate the dosimetric parameters (Figure 1). The postoperative parameters included: D90 (dose delivered to 90% of target volume), D100 (dose delivered to 100% of target volume), V100 (percentage of the target volume that was covered by 100% of the prescription dose), V150 (percentage of the target volume that was covered by 150% of the prescription dose), HI (homogeneity index), CI (conformal index), and EI (external index).




Figure 1 | The first line presents the preoperative plan. The second line presents the intraoperative plan. The third line presents the postoperative plan.





Follow-Up

The patients were followed-up every 3 months by the radiation oncologists. The examinations included routine blood test, blood chemistry, tumor markers, magnetic resonance imaging (MRI) of pelvis, CT of the abdomen, and chest radiography. Positron emission tomography-CT (PET-CT) was employed when there were signs of metastasis. The local response was evaluated three months after 125I seed implantation by Response Evaluation Criteria in Solid Tumors (RECIST) version 1.1 (8). Complete response (CR) was defined as disappearance of all target lesions; partial response (PR) was defined as at least a 30% decrease in the diameters of the target lesion; progressive disease (PD) was defined as at least a 20% increase in the diameters of the target lesion; and stable disease (SD) was between PR and PD. The numeric rating scale (NRS) was used to assess the pain level. Adverse effects were evaluated according to the toxicity criteria of the Radiation Therapy Oncology Group (RTOG). Local control (LC) was defined as lack of tumor progression of the implanted volume.



Statistical Analysis

All statistical analyses were carried out by SPSS 18.0 software (IBM, Armonk, NY, USA). LC and OS rates were calculated by plotting Kaplan–Meier curves. The log-rank test was employed for univariate analysis, and Cox proportional hazards regression model was used for multivariate analysis. The Chi-square test and Fisher’s exact test were undertaken to analyze factors correlated with adverse effects. The two-tailed P<0.05 was considered statistically significant. The curves were plotted with GraphPad Prism 5.0 software (GraphPad Software Inc., San Diego, CA, USA).




Results


Parameters of the Implantation

The volume of GTV was 6.5–234.8 (median, 66.9) cm3. The activity of a single radioactive seed was 0.4–0.8 (median, 0.66) mCi. The number of seeds was 6–137 (median, 70). The postoperative parameters included D90 (110.7 ± 33.7) Gy, D100 (46.8 ± 24.4) Gy, V100 (68.9 ± 36.4) %, V150 (56.8 ± 17.5) %, HI (0.34 ± 0.14), CI (0.91 ± 0.55), and EI (0.79 ± 1.6).



Efficacy and Adverse Effects

The follow-up time was 0.89–125.8 (median, 20.5) months. The local response included 23 cases of CR, 35 cases of PR, 33 cases of SD, and 10 cases of PD. The objective response rate (ORR) was 57.4% (58/101). Adverse effects occurred in 14 (13.9%) patients, including 21 cases. Besides, 12 (57.1%) of the cases showed grades 1–2 adverse effects, including neuropathy (n=1, 4.8%), radiation-induced skin reaction (n=4, 19%), and radiation-induced urinary reaction (n=7, 33.3%). Additionally, 9 (42.9%) cases had adverse effects with ≥grade 3, including radiation-induced urinary reaction (n=1, 4.8%), fistula (n=2, 9.5%), intestinal obstruction (n=2, 9.5%), and radiation-induced skin reaction (n=4, 19.1%). Concerning implantation-related complications, seed migration was observed in two patients during the follow-up, and one patient developed needle-tract implantation metastases. No correlation was found between D90 (D90 ≤ 129 Gy vs. D90>129 Gy) and adverse effects ≥grade 3 (P=0.160) (Table 2). The cumulative irradiation dose (≤100 Gy vs. >100 Gy) and the activity of a single seed (≤0.68 mCi vs. >0.68 mCi) were significantly correlated with adverse effects ≥grade 3 (P=0.047 and 0.035, respectively). The rates of adverse effects (grade ≥3) for cumulative dose ≤100 Gy and >100 Gy were 5.9% and 40%, respectively, and the rates of adverse effects (grade ≥3) for the activity of a single seed ≤0.68 mCi and >0.68 mCi were 3.4% and 16.3%, respectively.


Table 2 | Analysis of factors associated with adverse effects.





Local Control

The median LC time was 10 (95% confidence interval (CI): 8.5–11.5) months. The 1-, 2-, and 5-year LC rates were 44.2%, 20.7%, and 18.4%, respectively. The univariate analysis of LC showed that D90 (≤129 Gy vs. >129 Gy), GTV (≤50 cm3 vs. >50 cm3), and short-time tumor response (CR+PR vs. SD+PD) significantly influenced LC time (P=0.044, 0.041, and <0.001, respectively) (Table 3). Besides, a prolonged trend was shown in LC when V100>91% (P=0.053) (Figure 2). The 1-year LC rate for V100 ≤ 91% and V100>91% was 42.1% and 62.5%, respectively. Multivariate analysis of these factors influencing LC time indicated that short-time tumor response was an independent factor of LC time (hazard ratio [HR] = 0.072; 95% CI=0.034–0.153; P<0.001). The LC of CR and PR was superior to that of SD and PD. The median LC time for (CR+PR) and (SD+PD) was 16.0 and 6.0 months, respectively.


Table 3 | Univariate and multivariate analysis of factors influencing local control.






Figure 2 | Kaplan-Meier curves for local control according to (A) different values of D90 (≤ 129Gy vs. >129Gy); (B) different values of V100 (≤ 91% vs. >91%); (C) different values of GTV (≤ 50 ml vs. >50 ml); (D) different tumor responses (CR+PR vs. SD+PD). D90, dose that covers 90% target volume; V100, percentage of the target volume that was covered by 100% of the prescription dose; GTV, gross tumor volume; CR, complete response; PR, partial response; SD, stable disease; PD, progressive disease.





Overall Survival

The median OS time was 20.8 (95% CI: 18.7–22.9) months. The 1-, 2-, and 5-year OS rates were 73%, 31.4%, and 5%, respectively. In the current research, 93 patients died at the end of the follow-up. Of these, 20 patients died of local recurrence, 54 died of metastasis, seven died of non-tumor causes, and 12 died of unknown causes. For the univariate analysis, only the short-time tumor response was significantly correlated with OS time (P=0.017). The median OS time for (CR+PR) and (SD+PD) was 22.0 and 14.8 months, respectively.




Discussion

Numerous therapeutic modalities have been used for patients with LRRC, including surgery, EBRT, intraoperative radiotherapy (IORT), high-dose-rate (HDR) brachytherapy, chemotherapy, etc. Previously irradiated patients were found less sensitive to chemotherapy than those who did not receive pelvic radiotherapy (6, 9). Furthermore, chemotherapy alone is not effective for controlling pelvic recurrence. It was reported that the 5-year survival rate for R0 resection ranged from 43% to 60% (10). However, only a limited number of patients were eligible for R0 resection. LRRC typically presents with extensive involvement of the tumor in the pelvis, making it a great challenge to perform resection. Moreover, distorted anatomical structures and tissue fibrosis from previous irradiation increase the difficulty in surgery (6, 11). Besides, extensive resection is typically followed by high morbidity and mortality risks (10).

Several scholars have pointed out that re-irradiation is a reasonable option for patients with LRRC who have undergone EBRT previously. Besides, it could relieve symptoms to some extent (11–13). A systematic review reported 375 patients with LRRC who were reirradiated. Reirradiation was mostly administered using hyperfractionated or 1.8 Gy once-daily chemoradiotherapy. Median survival time was 39–60 months for resected patients and 12–16 months for palliative patients. The symptomatic relief rate was 82%–100% (12). Nevertheless, it is challenging to deliver a definitive dose to the tumor lesions considering history of irradiation to the normal pelvic tissue (6). Late toxicity rates were high. Recently, with the advances of cutting-edge technologies, a more precise radiotherapy technique, namely stereotactic ablative radiotherapy (SABR), was used to treat LRRC. Murray et al. (14) performed a systematic review regarding the use of SABR for the reirradiation of recurrent malignant disease within the pelvis, to guide the clinical implementation of this technique, and demonstrated that for previously irradiated patients with recurrent pelvic disease, SABR re-irradiation could be a feasible intervention for those who otherwise have limited options. Dagoglu et al. (15) reported the outcomes of a series of patients with pelvic recurrences from colorectal cancer reirradiated with SBRT. They employed Cyberknife Robotic Stereotactic Radiosurgery system with fiducial based real time tracking, and noted that one patient had small bowel perforation and required surgery (grade IV), two patients had symptomatic neuropathy (grade III), and one patient developed hydronephrosis from ureteric fibrosis requiring a stent (grade III).

IORT refers to the direct irradiation of the tumor surgically. A number of scholars have used IORT alone in the treatment of patients with history of undergoing irradiation. However, their results were not satisfactory. The LC and OS rates of IORT alone were significantly lower than those of IORT combined with EBRT (13, 16, 17). Besides, a significant increase was observed in the rate of complications related to the wound and neuropathy.

Several studies reported HDR brachytherapy for the management of LRRC. HDR intraluminal brachytherapy plays a great therapeutic role in the treatment of intraluminal tumor recurrence. And HDR interstitial brachytherapy has also shown an impressive therapeutic efficacy. Sakurai et al. (18) reported that LC was achieved in 7 of 18 patients with LRRC at a median follow-up time of 14.4 months. Morimoto et al. (19) studied 9 patients, and it was demonstrated that the 8-year OS, LC, and PFS rates were 56%, 44%, and 33%, respectively. Three patients had grade 3 adverse effects. Nevertheless, it should be noted that the tumor location of these patients could be reached by a needle applicator through the perineum. Lateral or presacral recurrence was contraindicated for HDR brachytherapy, which, however, could be managed with 125I seed implantation.

Recurrent tumor after EBRT or surgery is typically associated with a poor blood supply. Permanent implantation of 125I seeds has significant advantages in killing hypoxic tumor cells by consistently radiating low-dose rays. Furthermore, it also has the major advantages of delivering a high dose of irradiation to the tumor with a very sharp fall-off outside the implanted volume. For patients who are not eligible candidates for reirradiation, surgery or HDR interstitial brachytherapy, 125I seed implantation might be an alternative treatment option.

The results of the current research were comparable to those reported previously related to application of 125I seed implantation for LRRC. In our study, the median LC time was 10 months, and the median OS time was 20.8 months. The first report related to application of brachytherapy for LRRC included 30 patients (20). The seeds were implanted after radical or debulking surgical resection. The LC rate was 37.5% for gross residual disease and 66% for microscopic residual disease. The tumors in 64% (18/30) of patients were still under control at the last follow-up. No mortality was observed, and the morbidity rate was low. Martinez et al. (21) reported 29 patients with recurrent colorectal cancer in the pelvis or the paraaortic lymph nodes treated with intraoperative 125I seed implantation. The implanted volume received a median minimal peripheral dose of 140 Gy to total decay. The 1-, 2-, and 4-year LC rates were 38%, 17%, and 17%, (median, 11 months), respectively. The 1-, 2-, and 4-year OS rates were 70%, 35%, and 21%, (median, 18 months), respectively. Overall, 45% (13/29) of patients experienced 15 adverse events. Image-guided percutaneous 125I seed implantation which was minimally invasive has gradually become the mainstream treatment approach. In Wang et al.’s study (22), 15 patients with LRRC received 125I or 103Pd seed implantation under CT guidance. The median minimal peripheral dose was 150 Gy. The median follow-up, LC, and OS time were 8, 7, and 9 months, respectively. Only one patient had a grade 4 toxic event. Wang et al. (23) reported 20 patients with LRRC who were treated with CT-guided 125I seed implantation. The median peripheral dose was 120 Gy. CR or PR was achieved in 75% of patients. The median survival time was 18.8 months. The 1- and 2-year survival rates were 75% and 25%, respectively. Nevertheless, none of the above-mentioned studies analyzed optimal parameters and factors related to adverse effects. The optimal dosimetric parameters for 125I seed implantation are still elusive except for prostate cancer. In prostate cancer, the prognosis of patients with D90≥140 Gy was significantly greater than those with D90<140 Gy. The outcomes of patients with V100≥90% were also markedly superior than those with V100<90% (24–26). Similarly, for LRRC, the present study revealed that patients with D90>129 Gy achieved a notably longer LC time than those with D90 ≤ 129 Gy. The median LC time for D90>129 Gy and D90 ≤ 129 Gy was 8 and 13 months, respectively. Moreover, a trend of prolonged LC time was observed in patients with V100>91%. The 1-year LC rate for V100 ≤ 91% and V100>91% was 42.1% and 62.5%, respectively.

Regarding adverse effects, a meta-analysis of irradiation for LRRC showed that the rates of adverse effects (≥grade 3) for acute and late complications were 11.7% and 25.2%, respectively (12). Bhangu et al. (27) summarized surgical outcomes of 22 studies on LRRC and revealed that the overall rate of complications was 51%. In the current research, the overall rate of adverse effects was 13.9% (14/101), and 8.9% (9/101) of patients had ≥grade 3 adverse effects. The complication rates reported in our study were relatively lower than those reported in studies that used other treatment modalities. Cumulative irradiation dose (≤100 Gy vs. >100 Gy) and the activity of a single seed (≤0.68 mCi vs. >0.68 mCi) were found to be correlated with adverse effects (≥grade 3). We considered that the adverse effects in 2 patients with cumulative irradiation dose >100 Gy might be attributed to the late complications of previous high-dose irradiation. When low-activity seeds are used, the influence of a single seed on dosimetry is reduced, leading to a better dose homogeneity. The misplacement of a single seed would cause less damage to surrounding normal tissue. Sloboda et al. (28) reported that a range of 0.4–0.6 mCi per seed was optimal to cover the target volume and spare the urethra in prostate cancer. However, in the present study, the activity of a single seed had no effect on either LC or OS.

There are a number of limitations in this study. First, considering the short half-life of 125I seed, all the dosimetric parameters were postoperative parameters which were calculated immediately after 125I seed implantation, with assumption of complete dose delivery. According to the physical characteristic of 125I seed, 65% of prescription dose was delivered in 3 months and 90% was delivered in about 6 months. All the patients were still alive 3 months after 125I seed implantation except for one patient who died of pulmonary infection one month after the implantation. Moreover, the majority of patients were still alive 6 months after 125I seed implantation. Thus, it could be concluded that the postoperative dosimetry was nearly close to the delivered dosimetry. Nevertheless, there may still exist some minor errors that require further investigation. Second, the treatment modalities used for LRRC patients before 125I seed implantation were not consistent (e.g., some patients did not receive irradiation), which might influence patients’ sensitivity to 125I seed implantation and clinical outcomes. In addition, treatment modalities used for LRRC patients after 125I seed implantation were not consistent as well. A number of patients received postoperative chemotherapy, while others poorly tolerated, which might lead to the low efficiency of 125I seed implantation on OS. Third, it was sometimes difficult to indicate whether the adverse effects were caused by 125I seed implantation, tumor progression, or previous high-dose irradiation. In such cases, we attributed the adverse effects to 125I seed implantation, which might lead to an overestimation of the rates of adverse effects. Last but not the least, this was a single-center retrospective study with small sample size.

In conclusion, CT-guided 125I seed implantation is a safe, effective, and minimally invasive treatment for LRRC patients with mild adverse effects. This treatment does not require patients to have a high physical strength and is not limited by previous irradiation dose. Patients with LRRC after previous EBRT with limited treatment options are especially proper candidates for 125I seed implantation. Nevertheless, multicenter studies with a larger sample size and prospective design are needed to further investigate the effects of 125I seed implantation on LRRC patients.



Data Availability Statement

The datasets generated for this study are available on request to the corresponding author.



Ethics Statement

The studies involving human participants were reviewed and approved by the Institutional Review Boards of Peking University Third Hospital (IRB00006761). The patients/participants provided their written informed consent to participate in this study.



Author Contributions

LW, HW, HS, and GD were responsible for the collection of the clinical data. LW and HW drafted the manuscript. JW was in charge of verifying the patients’ implantation plan and directing the writing. YJ, ZJ, FG, PJ, XL, YC, and JF were responsible for the supplement and refinement of the clinical data and collectively carried out the implantation plan. HS was responsible for the design and production of radioactive seed implantation plan. All authors read and approved the final manuscript. LW and HW contributed equally to the article and are co-first authors of the article. All authors contributed to the article and approved the submitted version.



Acknowledgments

We thank all our supporting colleagues in the Department of Radiation Oncology, Peking University Third Hospital.



References

1. Beyond TMEC. Consensus statement on the multidisciplinary management of patients with recurrent and primary rectal cancer beyond total mesorectal excision planes. Br J Surg (2013) 100(8):1009–14. doi: 10.1002/bjs.9192

2. van Gijn, W, Marijnen, CA, Nagtegaal, ID, Kranenbarg, EM, Putter, H, Wiggers, T, et al. Preoperative radiotherapy combined with total mesorectal excision for resectable rectal cancer: 12-year follow-up of the multicentre, randomised controlled TME trial. Lancet Oncol (2011) 12:575–82. doi: 10.1016/S1470-2045(11)70097-3

3. Rasanen, M, Carpelan-Holmstrom, M, Mustonen, H, Renkonen-Sinisalo, L, and Lepistö, A. Pattern of rectal cancer recurrence after curative surgery. Int J Color Dis (2015) 30(6):775–85. doi: 10.1007/s00384-015-2182-1

4. Guyot, F, Faivre, J, Manfredi, S, Meny, B, Bonithon-Kopp, C, and Bouvier, AM. Time trends in the treatment and survival of recurrences from colorectal cancer. Ann Oncol (2005) 16:756–61. doi: 10.1093/annonc/mdi151

5. Westberg, K, Palmer, G, Hjern, F, Nordenvall, C, Johansson, H, Holm, T, et al. Population-based study of factors predicting treatment intention in patients with locally recurrent rectal cancer. Br J Surg (2017) 104:1866–73. doi: 10.1002/bjs.10645

6. Hildebrandt, B, Wust, P, Drager, J, Lüdemann, L, Sreenivasa, G, Tullius, SG, et al. Regional pelvic hyperthermia as an adjunct to chemotherapy (oxaliplatin, folinic acid, 5-fluorouracil) in pre-irradiated patients with locally recurrent rectal cancer: a pilot study. Int J Hyperthermia (2004) 20(4):359–69. doi: 10.1080/02656730310001645010

7. Yu, T-K, Bhosale, PR, Crane, CH, Iyer, RB, Skibber, JM, Rodriguez-Bigas, MA, et al. Patterns of locoregional recurrence after surgery and radiotherapy or chemoradiation for rectal cancer. Int J Radiat Oncol Biol Phys (2008) 71:1175–80. doi: 10.1016/j.ijrobp.2007.11.018

8. Eisenhauer, EA, Therasse, P, Bogaerts, J, Schwartz, LH, Sargent, D, Ford, R, et al. New response evaluation criteria in solid tumours: revised RECIST guideline (version 1.1). Eur J Cancer (2009) 45(2):228–47. doi: 10.1016/j.ejca.2008.10.026

9. Alberda, WJ, Haberkorn, BC, Morshuis, WG, Oudendijk, JF, Nuyttens, JJ, Burger, JW, et al. Response to chemotherapy in patients with recurrent rectal cancer in previously irradiated area. Int J Colorectal Dis (2015) 30(8):1075–80. doi: 10.1007/s00384-015-2270-2

10. Hagemans, JAW, van Rees, JM, Alberda, WJ, Rothbarth, J, Nuyttens, JJME, van Meerten, E, et al. Locally recurrent rectal cancer; long-term outcome of curative surgical and non-surgical treatment of 447 consecutive patients in a tertiary referral centre. Eur J Surg Oncol (2020) 46(3):448–54. doi: 10.1016/j.ejso.2019.10.037

11. Lee, J, Kim, CY, Koom, WS, and Rim, CH. Practical effectiveness of re-irradiation with or without surgery for locoregional recurrence of rectal cancer: A meta-analysis and systematic review. Radiother Oncol (2019) 140:10–9. doi: 10.1016/j.radonc.2019.05.021

12. Guren, MG, Undseth, C, Rekstad, BL, Brændengen, M, Dueland, S, Spindler, KL, et al. Reirradiation of locally recurrent rectal cancer: a systematic review. Radiother Oncol (2014) 113(2):151–7. doi: 10.1016/j.radonc.2014.11.021

13. Chung, SY, Koom, WS, Keum, KC, Chang, JS, Shin, SJ, Ahn, JB, et al. Treatment Outcomes of Re-irradiation in Locoregionally Recurrent Rectal Cancer and Clinical Significance of Proper Patient Selection. Front Oncol (2019) 9:529. doi: 10.3389/fonc.2019.00529

14. Murray, LJ, Lilley, J, Hawkins, MA, Henry, AM, Dickinson, P, and Sebag-Montefiore, D. Pelvic re-irradiation using stereotactic ablative radiotherapy (SABR): A systematic review. Radiother Oncol (2017) 125(2):213–22. doi: 10.1016/j.radonc.2017.09.030

15. Dagoglu, N, Mahadevan, A, Nedea, E, Poylin, V, and Nagle, D. Stereotactic body radiotherapy (SBRT) reirradiation for pelvic recurrence from colorectal cancer. J Surg Oncol (2015) 111(4):478–82. doi: 10.1002/jso.23858

16. Susko, M, Lee, J, Salama, J, Thomas, S, Uronis, H, Hsu, D, et al. The Use of Re-irradiation in Locally Recurrent, Non-metastatic Rectal Cancer. Ann Surg Oncol (2016) 23(11):3609–15. doi: 10.1245/s10434-016-5250-z

17. Marzi, S, Saracino, B, Petrongari, MG, Arcangeli, S, Gomellini, S, Arcangeli, G, et al. Modeling ofalpha/beta for late rectal toxicity from a randomized phase II study: conventional versus hypofractionated scheme for localized prostate cancer. J Exp Clin Cancer Res (2009) 28:117. doi: 10.1186/1756-9966-28-117

18. Sakurai, H, Mitsuhashi, N, Harashima, K, Muramatsu, H, Ishikawa, H, Kitamoto, Y, et al. CT-fluoroscopy guided interstitial brachytherapy with image-based treatment planning for unresectable locally recurrent rectal carcinoma. Brachytherapy (2004) 3:222–30. doi: 10.1016/j.brachy.2004.09.007

19. Morimoto, M, Isohashi, F, Yoshioka, Y, Suzuki, O, Seo, Y, Ogata, T, et al. Salvage high-dose-rate interstitial brachytherapy for locally recurrent rectal cancer: long-term follow-up results. Int J Clin Oncol (2014) 19(2):312–8. doi: 10.1007/s10147-013-0567-0

20. Goes, RN, Beart, RW Jr, Simons, AJ, Gunderson, LL, Grado, G, and Streeter, O. Use of brachytherapy in management of locally recurrent rectal cancer. Dis Colon Rectum (1997) 40:1177–9. doi: 10.1007/BF02055163

21. Martinez-Monge, R, Naq, S, and Martin, EW. 125Iodine brachytherapy for colorectal adenocarcinoma recurrent in the pelvis and paraortics. Int J Radiat Oncal Biol Phys (1998) 42:545–50. doi: 10.1016/S0360-3016(98)00269-7

22. Wang, JJ, Yuan, HS, Li, JN, Jiang, YL, Tian, SQ, and Yang, RJ. CT-guided radioactive seed implantation for recurrent rectal carcinoma after multiple therapy. Med Oncol (2010) 27(2):421–9. doi: 10.1007/s12032-009-9227-7

23. Wang, ZM, Lu, J, Liu, L, Liu, T, Chen, K, Liu, F, et al. Clinical application of CT-guided 125I seed interstitial implantation for local recurrent rectal carcinoma. Radiat Oncol (2011) 6:138. doi: 10.1186/1748-717X-6-138

24. Keyes, M, Morris, WJ, Spadinger, I, Araujo, C, Cheung, A, Chng, N, et al. Radiation oncology and medical physicists quality assurance in British Columbia Cancer Agency Provincial Prostate Brachytherapy Program. Brachytherapy (2013) 12(4):343–55. doi: 10.1016/j.brachy.2012.03.006

25. Zapatero, A, Garcia-Vicente, F, Martin de Vidales, C, Cruz Conde, A, Ibáñez, Y, Fernández, I, et al. Long-term results after high-dose radiotherapy and adjuvant hormones in prostate cancer: how curable is high-risk disease? Int J Radiat Oncol Biol Phys (2011) 81(5):1279–85. doi: 10.1016/j.ijrobp.2010.07.1975

26. Stock, RG, Stone, NN, Tabert, A, Iannuzzi, C, and DeWyngaert, JK. A dose-response study for I-125 prostate implantation. Int J Radiat Oncol Biol Phys (1998) 41(1):101–8. doi: 10.1016/S0360-3016(98)00006-6

27. Bhangu, A, Ali, SM, Darzi, A, Brown, G, and Tekkis, P. Metaanalysis of survival based on resection margin status following surgery for recurrent rectal cancer. Color Dis (2012) 14(12):1457–66. doi: 10.1111/j.1463-1318.2012.03005.x

28. Sloboda, RS, Pedersen, JE, and Halperin, R. Is there a preferred strength for regularly spaced 125I seeds in inverse-planned prostate implants? Int J Radiat Oncol Biol Phys (2003) 55(1):234–44. doi: 10.1016/S0360-3016(02)04123-8



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 Wang, Wang, Jiang, Ji, Guo, Jiang, Li, Chen, Sun, Fan, Du and Wang. 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.




PERSPECTIVE

published: 22 February 2021

doi: 10.3389/fonc.2021.624786

[image: image2]


The Emerging Potential of Multi-Ion Radiotherapy


Daniel K. Ebner 1*, Steven J. Frank 2, Taku Inaniwa 1, Shigeru Yamada 1 and Toshiyuki Shirai 1


1 National Institute of Radiological Science (NIRS), National Institutes of Quantum and Radiological Science and Technology (QST), Chiba, Japan, 2 Division of Radiation Oncology, The University of Texas MD Anderson Cancer Center, Houston, TX, United States




Edited by: 
Timothy Dean Malouff, Mayo Clinic Florida, United States

Reviewed by: 
Kevin Prise, Queen’s University Belfast, United Kingdom
 Tatsuya Ohno, Gunma University, Japan

*Correspondence: 
Daniel K. Ebner
 daniel_ebner@alumni.brown.edu

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


Received: 01 November 2020

Accepted: 04 January 2021

Published: 22 February 2021

Citation:
Ebner DK, Frank SJ, Inaniwa T, Yamada S and Shirai T (2021) The Emerging Potential of Multi-Ion Radiotherapy. Front. Oncol. 11:624786. doi: 10.3389/fonc.2021.624786



Research into high linear energy transfer (LET) radiotherapy now spans over half a century, beginning with helium and deuteron treatment in 1952 and today ranging from fast neutrons to carbon-ions. Owing to pioneering work initially in the United States and thereafter in Germany and Japan, increasing focus is on the carbon-ion beam: 12 centers are in operation, with five under construction and three in planning. While the carbon-ion beam has demonstrated unique and promising suitability in laboratory and clinical trials toward the hypofractionated treatment of hypoxic and/or radioresistant cancer, substantial developmental potential remains. Perhaps most notable is the ability to paint LET in a tumor, theoretically better focusing damage delivery within the most resistant areas. However, the technique may be limited in practice by the physical properties of the beams themselves. A heavy-ion synchrotron may provide irradiation with multiple heavy-ions: carbon, helium, and oxygen are prime candidates. Each ion varies in LET distribution, and so a methodology combining the use of multiple ions into a uniform LET distribution within a tumor may allow for even greater treatment potential in radioresistant cancer.
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Introduction

Seventy years have passed since Lawrence and Tobias first employed helium and deuteron particle beams in human patients, beginning the clinical study of charged particle radiotherapy (CPT), or hadrontherapy (1, 2). Their results built off the pioneering experience of Stone and colleagues, who treated 226 patients with neutrons from 1936 to 1938, with efforts only abridged by World War II (3, 4). As research resumed following the war, and a deeper understanding of radiobiology and the role of linear energy transfer (LET) developed, Catterall and colleagues began neutron radiotherapy treatment at Hammersmith Hospital in London in 1965.

While neutron radiotherapy exhibits high-LET, its conventional dose distribution limited the beam due to inherent toxicity unmitigated by fractionation (5). CPT was viewed as a viable alternative, combining high-LET with the Bragg peak, a physical characteristic of ion radiotherapy in which dose is deposited at an inverse of particle energy (6). This combination of physical and radiobiological advantages over conventional radiotherapy leads to an enhancement of the therapeutic ratio (7), with areas of higher LET experiencing higher relative biological effect (RBE); that is, an equal physical dose of CPT will have a resultant increased effect compared with conventional radiotherapy.

This expanded interest localized at the Lawrence Berkeley National Laboratory (LBNL). Following commissioning of the Bevalac in 1971, evaluation of fast neutron, proton, and negative pions, as well as helium, carbon, neon, nitrogen, silicon, and argon-ion beams began (3, 8). Each ion expresses high-LET regions within the particle travel path: the resultant distribution of LET varies between particles, as does the theorized physical dose distribution advantage. High-LET regions range from extreme distal in proton (9) to increasingly proximal with increase in atomic size (6). Each ion demonstrated benefits and limitations, with helium employed for improved dose localization and heavier-ions to amplify biological effect (10). Though initial work was promising, research ceased when the Bevalac and Bevatron were decommissioned in 1993 (8).



Modern Particle Therapy

The advantages of particle radiotherapy are not without cost: the initial capital expense of particle centers is prohibitive and cost-benefit ratio remains a topic of considerable discussion (11–15). Moreover, in comparison with the relatively uniform ionization provided by conventional radiotherapy, with each ion comes varying considerations of intrabeam LET distributions, range uncertainty, lateral scattering, and distal fragmentation (16), as well as accurate dose deposition modeling along the beam path within varying tissues (17), and, finally, the combination of these factors into a treatment algorithm capable of providing a uniform biological effect within the treatment target. These latter elements, critically important for successful delivery of patient care, complicated the translation of photon doses into ion-beam treatment and informed the use of dose escalation clinical trials for determination of target and ceiling doses for histological sites (6).

Particle monotherapy has dominated discussion to date, and debate today continues: is there an ideal particle for treatment, and particularly for cost effective treatment? (18). When the Heavy Ion Medical Accelerator in Chiba (HIMAC) was constructed at the National Institute of Radiological Science (NIRS, Japan) in the early 1990s, prior experience at the Bevalac as well as previous usage of neutron at NIRS led to the selection of carbon-ions as the best ion for treatment, balancing considerations of particle size, center cost, and the perceived similarity of the RBE of the carbon-ion in its Bragg Peak to prior studies with neutron (6, 19).

Carbon-ion radiotherapy (CIRT) has remained under development for 30 years at the HIMAC, as well as at the German Society for Heavy Ion Research (Gesellschaft für Schwerionenforschung, GSI) and later Heidelberg Ion Beam Therapy Center (HIT), with significant physical, radiobiological, and clinical outcomes reported (6, 7). Clinical trials with CIRT have demonstrated enhanced kill effect in target tumors while simultaneously sparing normal tissue, with promising implications for reductions in secondary cancer incidence (20). The effect of the high-LET beam on traditionally radioresistant cancer has demonstrated unique promise, including in recurrent rectal cancer (21, 22), pancreas (23–25), glioma (26, 27), sarcoma (28–30), head-and-neck (31, 32), and others (7), with notable radiobiological effects seen in tissue versus conventional irradiation (33–35).

Nonetheless, CIRT can still result in imperfect local control, be this due to insufficient dose, uniquely radioresistant areas of the tumor [ranging from hypoxic regions (36) to isolated highly resistant stem-like cells (37)], or imperfect modeling of dose delivery (38). Other ions have demonstrated differing physical advantages, particularly with regard to variations in LET and physical dose distribution. After promising results at the LBNL, helium-ion radiotherapy has resurged through ongoing clinical translation at Heidelberg. Helium offers a decreased lateral scatter effect versus proton (39), with less fragmentation tail dose versus carbon. Kopp and colleagues have demonstrated single field setups with helium with an RBE50% of 1.56 versus 2.16 for carbon in glioma, and 1.44 vs. 1.99 in ACC; this comes, however, with significantly lowered LET50% (14.66 vs. 73.00 keV/micrometer in glioma and 13.39 vs. 64.92 in ACC). The authors concluded that combining the two would provide for more stable LETd and RBE distributions versus monotherapy with either beam (40). Meanwhile, the United States has principally pursued proton irradiation with forays into LET optimization (NCT03750513), but has to date been unable to leverage the potential benefits of heavy-ion high-LET radiation in patient care.



LET and RBE

The ability to sterilize a tumor is influenced both by physical dose delivered as well as the inherent LET of the beam path as it passes through the tumor. Heterogeneity of underlying tissue and the oxygen concentration within that tissue complicate the translation of target dose to cell-killing effect yet further, amplified by a current inability to study in vivo cell-level differences (41). Notably, the oxygen enhancement ratio, that is the particular radiation needed to result in equivalent treatment in the presence or absence of oxygen, is lower in particle therapy than with photon and generally increases with LET and decreases with atomic mass; this informs the apparent increased efficacy of heavy-ion radiotherapy in hypoxic conditions (19). To facilitate comparative utility between carbon-ion and photon irradiation, the RBE of a physical dose within a target was modeled: the Kanai model is experimentally derived and similar to the original models utilized at the Bevalac, defining RBE based on 10% survival of human salivary gland tumor cells under aerobic conditions (42). The microdosimetric kinetic model and local effect model were alternatively developed, the former for scanning CIRT in Japan and tuned to the Kanai model (43), while the latter was developed for European centers based on a biophysical modeling approach (44). Variations between the models have complicated regimen comparability between world centers (38).

Bassler and colleagues have demonstrated that even with equivalent dose distributions, substantially different LET distributions may be seen owing to LET dilution through secondary low-LET fragments generated through inflight nuclear reactions with increasing depth (45). The result is an equivalent dose delivered with variabilities in RBE. Clinically, this uncertainty has been effectively circumvented through dose escalation trials, tailoring dose delivered to levels of unacceptable toxicity. These phase I/II clinical trials have enabled the safe delivery of significantly ablative doses of CIRT (6), but with poor selectivity for delivering enhanced RBE to target regions within a tumor. LET/kill-painting is one method to bridge the gap between dose prescribed and cell kill-effect delivered: by optimizing and/or making uniform the high-LET region of CPT, oxygen effect may be minimized, thereby improving the uniformity of cell kill effect delivered (41). Moreover, low-LET regions of the beam could be preferentially relocated to healthy tissue, in theory further reducing healthy tissue toxicity (46). LET-weighted doses have effectively been demonstrated in proton radiotherapy (47).

The clinical relationship between LET distribution within a tumor and tumor control has been explored in CIRT. Hagiwara and colleagues studied the influence of dose-averaged LET on CIRT-irradiated pancreatic tumor control in 2020 (48), retrospectively evaluating 18 patients treated with 55.2 Gy (RBE) CIRT at a median of 22 months. Four infield central local recurrences were noted. While dose was uniform throughout the tumor, LET was lower within the central compartment of the target volume, owing to how particle paths were overlapped to generate a spread out Bragg peak. Notably, local control was improved in those patients with higher minimum dose-averaged LET within the gross tumor volume (GTV), independent of the minimal dose and D98 delivered (48). Improved dose-averaged LET within the GTV may thereby improve local control, though the ability to fully control the LET within the tumor target may be limited by the LET distribution inherent to the carbon-ion beam, and the tumor’s relationship to nearby radiosensitive organs.

Okonogi and colleagues similarly considered uterine cancer, focusing on whether LET was correlative with late rectal toxicity rate (49). In evaluating 132 patients with CIRT-treated uterine carcinoma and greater than 6 months of follow-up, nine were noted to have grade 3 or 4 late rectal complications. Regression analysis demonstrated an association with rectal D2cc, but not with dose-averaged LET nor physical dose. This echoes similar studies in proton that have demonstrated that LET and physical dose alone are poor correlative measures, and rather that the RBE-weighted dose is critical (50–52).

Seeking adequate base dose with strategically deployed high-LET irradiation led to initial combination studies, specifically modern CIRT-boost treatments (45) (p). Boost treatments typically combine CIRT or the lower-LET proton beam with intensity-modulated [photon] radiation therapy (IMRT), tomotherapy, or other forms of conventional radiotherapy (26, 53–59). Schulz-Ertner and colleagues in 2005 deployed carbon-boosted photon on adenoid cystic carcinoma to achieve three times the locoregional control of photon at 4 years (60). Another trial is investigating CIRT-boost for image-guided brachytherapy in locally advanced cervical cancer (61). Others have aimed to combine CIRT with proton, such as in one phase I/III trial on glioblastoma at the Shanghai Proton and Heavy Ion Center (62). Principally, the majority of modern high-LET clinical treatment has employed CIRT alone (6), and without LET optimization.

In seeking optimized LET within target tissues, Bassler and colleagues originated the concept of LET painting, building off the pioneering photon dose-painting concept by Ling et al. (63), and have evaluated multiple heavy-ions. For instance, LET-painting with carbon-ions allowed hypoxic subvolume control to a limit of 0.5 cm3; oxygen-ions, by comparison, could be extended to 2 cm3, and were further extendable with dose escalation (46). However, higher-LET oxygen-ion radiotherapy may cause increased normal tissue damage (41); no single ion has emerged as optimized for dose distribution, oxygen enhancement ratio (OER), nor overall translatability to hypoxic/radioresistant tumor kill effect.

Multi-ion radiotherapy (MIRT) theoretically provides for the benefits of each ion to be synergistically deployed in treatment. While intensity-modulated and LET-painted CIRT alone may achieve a high dose-optimized LET within a majority of tumor targets, the beam’s utility is limited by its inherent physical LET distribution. As such, incorporating the varying LET distributions of other heavy-ions into a dose-LET-optimized composite treatment plan may allow for new treatment options for patients with complex cancers. Lower-LET beams such as helium may offer improved margin dosage where tumors lie close to normoxic, healthy tissues, while higher-LET irradiation can be layered into hypoxic, radioresistant regions. Adaptive treatment planning would involve optimizing across multiple ions so as to achieve ideal cell-killing effect in the target tumor.

This is an easy vision to articulate, but decades in the making; innumerable challenges remain prior to trial development.



Ongoing Development of MIRT

CIRT treatment at the NIRS-QST today combines pencil-beam raster (re)scanning (64–66), a phase-controlled 3D scanning irradiation system (67), motion management incorporating fast rescanning with respiratory gating (64, 68), and a superconducting gantry (69), enabling the conformal painting of heavy-ions voxel-by-voxel through a target and in theory the employment of combination dose- and LET-based treatment plans with LET/kill-painting of tumor tissue. Within this system, NIRS-QST plans to deploy helium, carbon, oxygen, and neon-ions for MIRT (70). Optimization of ion source insertion, and the rapid changing of sources, is critical for clinical throughput in a MIRT facility. This will use a single electron cyclotron resonance ion source (ECR-IS) with fast gas-switching operation. Particles are electron-stripped and then accelerated within a synchrotron, with beam purity assured due to mass separation owing to variation in mass-to-charge ratios. As helium-ions bear an equivalent ratio, Mizushima and colleagues developed a method to ensure beam purity prior to treatment using an ionization chamber and Faraday cup, with a contamination rate less than 1% (70).

In 2016, Inaniwa and colleagues introduced a method to deliver two or more ion species in one treatment session, termed intensity modulated composite particle therapy (IMPACT) (71). By employing proton, helium, carbon, and oxygen ions, they were able to delineate valid prescribed LET ranges within a water phantom in opposing and orthogonal geometries. They further demonstrated the optimization method in a simulated prostate case, incorporating all four above ions. They were able to adjust the prostate, planning target volume, and rectum LETs to 80 keV/µm, 50 keV/µm, and below 30 keVµm, respectively, while maintaining dose in the PTV to a uniform 2 Gy. This served as proof of concept for the IMPACT system to dose and LET-average multiple ions within the treatment planning system at the NIRS. A demonstration of this system in pancreatic cancer may be seen in Figure 1, demonstrating the CIRT dose and LET distributions (Figures 1A, B), and the equivalent LET distribution using the IMPACT system (Figure 1C), with increased LET to 100 in the center field and decrease of OER from 2.8 to approximately 1.5. However, the IMPACT system at that time did not describe biological effect, and the authors noted that further development was required prior to beginning clinical trialing.




Figure 1 | (A) Dose distribution of carbon-ion radiotherapy (CIRT) for a case of pancreatic cancer. (B) Linear energy transfer (LET) distribution of the same case. Note overlying LET distribution near organs-at-risk. (C) The LET of the same case combining helium, carbon, and oxygen-ion treatments using the intensity modulated composite particle therapy (IMPACT) system.



Inaniwa et al. additionally explored the nuclear interactions of particles within patients, adapting and validating the previously described planar integrated dose distribution measured in water (PID) correction method for scanned CIRT for treatment plans involving helium-, carbon-, oxygen-, and neon-ion beams (72). They similarly verified the stochastic microdosimetric kinetic model following previous work to optimize computational time and memory space, and verified the model within two cell irradiation experimental models, HSGc-C5 and MIA PaCa-2, which have notably different radiation sensitivities, for hypofractionated MIRT (73). This enables treatment planning of hypofractionated MIRT within treatment systems utilizing the MK model, principally centers in Japan.

At GSI, Scifoni et al. in 2013 developed an initial method for including OER in ion beam treatment planning (74, 75). Following the work by Tinganelli and colleagues of LET-mediated kill painting (41), Sokol et al. extended the methodology to incorporate multiple ions and voxel-by-voxel target oxygenation data. Utilizing this plan with helium and oxygen ion beams, mean brainstem dose was reduced by 3–5% for helium and 10–12% for oxygen, respectively, with full biological optimization. Dosimetric validation of these particle species (76), validation of Monte Carlo modeling FLUKA code (77), and experimental validation of the resultant treatment planning tool against dosimetric measurements in water, have similarly been performed (78).

Kopp and colleagues followed with the “PaRticle thErapy using single and Combined Ion optimization StratEgies” (PRECISE) treatment planning system, allowing for delivery of single field multi-ion particle therapy treatments (40). They validated these plans across three patient cases, as well as in a murine glioma cell line, generating a highly uniform physical dose while reducing high dose averaged LET gradients in comparison with CIRT monotherapy. They found that biophysical stability in the target volume was similar to protons, while normal tissue dose was similar or improved versus helium dose planning, with < 1% deviation from the planned target RBE value.



Challenges, Future Directions, and Conclusions

Significant considerations are required for the possible translation of these initial developments within MIRT to clinical treatment. Incorporation of lighter ions to reduce damage to target-adjacent normal tissues may risk underdosing relative single-beam irradiation. Careful multi-angle dose simulation, modeling, and validation is required. Center treatment throughput will require consideration: the NIRS has developed a system capable of source switching in under one minute, with ongoing development to reduce source switching to < 5 s. Treatment times could thereby only be limited by patient repositioning. Further details regarding a multi-ion clinical treatment system at the NIRS-QST are forthcoming.

Notably, dose-averaged LET is a macroscopic quantity, and may poorly approximate the physical reactions occurring at a cellular level (79). LET and RBE do not form a linear relationship, with track structure and microdosimetry potentially allowing an outsized increase in RBE with increases in LET (80, 81). Consequently, the translation of physical dose to a uniform cell-killing biological effect is model-dependent. Biological effects in varying tissues unique to any given ion may be as-yet unknown, and translation of physical dose and LET-optimized distributions to kill effect will require significant development.

To date, both the MKM and LEM models assume a normal oxygen pressure. As the key treatment targets for MIRT are focused on radioresistant and hypoxic tumors, evaluation of tissue oxygen conditions and resultant biological effects will be needed (82). Moreover, variation in biophysical models between ions (38, 83) requires reconciliation, including means by which to evaluate clinical uncertainty during treatment planning. As current dose plan arrangements encounter difficulty in intermodal translation (38), careful planning with MIRT is required so as not to exacerbate these issues during initial clinical trials. Further consideration of what range of LET provides the ideal clinical effect is also needed (84). Similarly, biological differences inherent to dose rate are currently being explored (i.e., FLASH); current biophysical modeling assumes a normal dose rate, and variations in treatment effect between dose rates may also influence future CPT and MIRT treatment. Developments within these areas of study will deserve careful note.

An external, international assessment of CIRT at NIRS was conducted in 2015, noting the significant promise of CIRT and recommending key consideration for methodologies improving patient throughput while reducing cost (7). These thoughts similarly inform efforts to translate MIRT from bench to bedside. Concerns regarding secondary cancer development with ion therapy remain, though a propensity score-weighted analysis comparing CIRT, conventional radiotherapy, and surgery for localized prostate cancer found a lower risk of subsequent primary cancer following CIRT vs. photon irradiation (20). Further verification will be needed as novel ion therapies are employed in treatment.

Particle irradiation has been studied for 70 years. Today, as the United States endeavors to construct its first heavy-ion capable facility and centers in Europe and Asia continue development of heavy-ion, multi-ion radiotherapy appears technically feasible for future treatment of radioresistant and hypoxic cancers. Robust international collaboration will be critical to produce dose modeling consensus, build upon the common borders of radiobiology and particle physics, and ensure access of the global population to novel treatments within radiation oncology. Significant technological and radiobiological progress has been made toward realizing initial trials for multi-ion radiotherapy, but more remains.
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Boron neutron capture therapy (BNCT) is an emerging treatment modality aimed at improving the therapeutic ratio for traditionally difficult to treat tumors. BNCT utilizes boronated agents to preferentially deliver boron-10 to tumors, which, after undergoing irradiation with neutrons, yields litihium-7 and an alpha particle. The alpha particle has a short range, therefore preferentially affecting tumor tissues while sparing more distal normal tissues. To date, BNCT has been studied clinically in a variety of disease sites, including glioblastoma multiforme, meningioma, head and neck cancers, lung cancers, breast cancers, hepatocellular carcinoma, sarcomas, cutaneous malignancies, extramammary Paget’s disease, recurrent cancers, pediatric cancers, and metastatic disease. We aim to provide an up-to-date and comprehensive review of the studies of each of these disease sites, as well as a review on the challenges facing adoption of BNCT.
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Introduction 

Increasing the therapeutic ratio is one of the most significant challenges of modern clinical oncology. To this end, there has been significant interest in targeted therapies, with the goal of selectively treating tumor cells while sparing normal tissues. Boron neutron capture therapy (BNCT) is an emerging treatment modality aimed at improving the therapeutic ratio for traditionally difficult to treat tumors. BNCT was first proposed by Gordon Locher in 1936, who suggested that, if boron were able to be concentrated in the tumor and then exposed to thermal neutrons, the tumor would selectively receive a higher dose compared to normal tissues (1).

Treatment with BNCT is based on the nuclear capture and fission following the irradiation of nonradioactive boron-10 with low thermal neutrons (<0.025 eV), which leads to the production of an alpha particle and a recoiling lithium-7 (10B5 + 1n0(th) → [11B5]* →4He2 (α)+7Li3 + 2.38 MeV). Alpha particles are a form of high linear energy transfer (LET) particles that deposit their energy over <10 μm, approximately the diameter of one cell (Figure 1) (1–3).




Figure 1 | Injected boron compounds are preferentially found in tumor cells, which are then irradiated with thermal neutrons. The boron then undergoes a reaction, giving an alpha particle and an inert lithium ion. The alpha particle then damages the tumor cell with a finite range.



The most challenging aspect of successful treatment with BNCT is the delivery of boronated compounds to the tumor while avoiding significant uptake in normal tissues. The general requirements for successful boron delivery agents includes high tumor uptake, low normal tissue uptake, rapid clearance from tissue after treatment, and low toxicity (3). Boron delivery has been achieved typically with two agents: sodium borocaptate (BSH) and boronophenylalanine (BPA), with the latter complexed with fructose to form the more soluble BPA-F (2). The most efficacious boronated compound remains unclear, and trials have been variable as to which compound is given. The reader is referred to the text Neutron Capture Therapy: Principles and Applications for a more in-depth review of the technical aspects of treatment with BNCT (2).

In this review, our aim is to provide a comprehensive and updated summary of the current clinical literature for patients treated with BNCT. An overview of the largest studies is provided in Table 1.


Table 1 | Summary of studies using BNCT by disease site.





Glioblastoma Multiforme

Glioblastoma multiforme is one of the most challenging malignancies to treat, with a median survival of approximately 14 months despite maximum resection, radiation, and adjuvant chemotherapy (16). Due to this, BNCT has been proposed as a treatment option in the upfront and recurrent settings. Further, boron has been shown to possess direct tumoricidal activity and many can cross the blood-brain barrier (17). Interestingly, prolonged infusion of 6 h with BPA-F was found to have a survival advantage compared to 2 h infusions with similar toxicity (18).

Miyatake et al. reported on their experience treating 167 cases of malignant brain tumors and high grade meningiomas treated with BNCT from 2002 to 2014. In the recurrent setting, BPA was administered over a 2 h period at a dose of 200 mg/kg/h prior and 100 mg/kg/h during neutron irradiation. Epithermal neutrons were given, with a dose was chosen to keep the peak brain dose below 12.0 Gy equivalent. The median survival time for BNCT with BPA for recurrent GBM was 10.8 months and that for BNCT with BPA and BSH for newly diagnosed GBM was 15.6 months without an x-ray boost and 23.5 months with an x-ray boost. The biggest drawbacks to BNCT were radiation necrosis and symptomatic pseudoprogression (8). BNCT showed the most prominent survival benefit in recursive partitioning analysis (RPA) classes 3 and 7 (19).

In a series by Kawabata et al. seven patients received BNCT intraoperatively (sulfhydryl borane dose of 5 g/body) and eight patients received external beam BNCT (p-dihydroxyboryl-phenylalanine dose of 250 mg/kg) with epithermal neutrons as part for the treatment of newly diagnosed glioblastoma using sulfhydryl borane as the boron carrier. External beam BNCT was combined with photon therapy to a dose of 30 Gy in 15 fractions or 30.6 Gy in 17 fractions. The median time to progression for all patients was 11.9 months, with no difference between intraoperative (12.0 months) and external beam (11.9 months). The 2-year OS was 53.3%. Four patients developed grade 2 orbital edema, and one patient in the intraoperative arm developed grade 4 post-epileptic brain edema (20, 21).

Thirty patients with glioblastoma were treated between 2001 and 2003 (the pre-temozolomide era) with BNCT in Sweden. BPA-F at a high dose (900 mg/kg) was given as the boron carrier, with epithermal neutron irradiation 2 h after the infusion. The median OS was 14.2 months and the time to progression was 5.8 months. Seven patients experienced seizures, five experienced thromboembolic events, and eight had grades 1–3 skin toxicity. Quality of life was found to progressively deteriorate after BNCT (6).

In the United States, Chadha et al. reported on patients treated at Brookhaven National Laboratory in the mid-1990s designed to test the feasibility of single fraction BNCT with an epithermal neutron beam (22). In the past, when thermal neutron beams were used, patients underwent a craniotomy to allow the thermal beam to irradiate the tumor. Also, in this study, they performed a meticulous biodistribution analysis with tumor, blood, scalp, and normal brain (whenever possible) collected at the time of a second debulking craniotomy and noted that tumor concentration was about 3.5 times that in blood, scalp concentration was about 1.5 times that in blood, and normal brain concentration was less than that in blood. BNCT was performed about 4 weeks after the surgery with a repeat dose of BPA-F and the prescription dose was based on normal brain tolerance with normal brain boron concentration assumed to be that of blood to account for brain endothelial dose. The median OS, albeit in just 10 patients, was 13.5 months at a time when the OS in cooperative group trials was 9.7 months. A total of 38 patients with glioblastoma were treated with BPA-fructose at a dose of 250 or 290 mg/kg as part of the phase I/II dose-escalation study. The median time to tumor progression was 31.6 weeks, with a median survival of 13.0 months. There were no grade 3 or 4 toxicities (4).

Kageji et al. reported on 23 newly diagnosed GBM patients treated with BNCT and without additional chemotherapy. 100 mg/kg BSH was given and patients underwent craniotomy for direct delivery of thermal neutrons to the tumor. The median survival was 19.5 months, with 2- and 5-year survivals of 31.8% and 9.1%, respectively. Toxicity was not reported (7, 23). Of note, five patients treated with BNCT survived more than 3 years after diagnosis (24). Notably, there are long term survivors treated with BNCT for high grade gliomas. In one series from 1994, of the 120 patients treated with BNCT for brain tumors, there were nine patients who had survivals of more than 10 years (25).

In the setting of recurrent disease, a phase I study by Kankaanranta et al. investigated the use of L-BPA-fructose in increasing doses ranging from 290 mg/kg to 450 mg/kg for patients with glioblastoma or anaplastic astrocytoma that progressed more than 6 months after surgery and external beam radiation therapy. The median survival following BNCT was 7 months. Four of the six patients at the 450 mg/kg dose level experienced grade 3 adverse effects, the most frequent being seizures. On subset analysis, patients who received >290 mg/kg L-BPA-fructose or those who received >34 Gy weighted dose to their planning target volumes had better outcomes than those who received 290 mg/kg L-BPA-fructose or ≤34 Gy weighted dose to their PTVs, respectively. The authors concluded that L-BPA-fructose at a dose of 400 mg/kg as a 2-h infusion is reasonable for recurrent gliomas (26). Aiyama et al. reported on a 54-year-old male with recurrent GBM and a 64-year-old female with atypical meningioma treated with BNC T in Japan. In the two cases, the only adverse event was grade 2 conjunctivitis, and the authors concluded that BNCT is effective and safe as palliative therapy for malignant brain tumors (27). Okazaki et al. reported on a 22-year-old patient with GBM who developed a total of three recurrences. BNCT was delivered using a dose of 100 mg/kg BSH. The patient survived for 9 years following BNCT, but ultimately developed carcinomatous encephalomyelopathy (28).

Given the increased use of protons, there has been interest in combining proton radiotherapy with BNCT. Patients receiving BNCT with proton therapy showed a better survival than those receiving radiation and temozolomide in a small study, although this was not statistically significant (29). Further research is needed to determine if there is a benefit to combination proton therapy and BNCT.

One of the concerns of BNCT in the setting of malignant gliomas is the high rates of symptomatic pseudoprogression and radionecrosis (30). In one series, 11 out of 52 malignant glioma and three out of 13 malignant meningioma patients developed increases in edema following BNCT at 3 months (31). Due to the rates of radionecrosis following BNCT, researchers in Japan developed a pilot study for BNCT using BPA in combination with bevacizumab. Bevacizumab was started 2–6 weeks after BNCT and was given in 10 mg/kg doses biweekly. From 2013 to 2014, seven patients were treated with BNCT and bevacizumab. Median OS and PFS were 15.1 months and 5.4 months, respectively. There was one death due to uncontrolled edema after bevacizumab was interrupted due to meningitis. No radionecrosis was seen through December 2017, and the authors concluded that bevacizumab treatments prevented radionecrosis with prolonged OS and acceptable toxicity (32). Moreover, bevacizumab at a dose of 5 mg/kg was shown to improve symptomatic pseudoprogression in two patients treated with BNCT for recurrent gliomas. The authors concluded that BNCT in combination with bevacizumab may prolong survival (33).

In support of this, Miyatake et al. reported on four patients with recurrent malignant gliomas treated in Osaka, Japan with BNCT and bevacizumab. Of the three patients with RPA class 3, the survival time after BNCT was 14, 16.5, and over 23 months. The patient with an RPA class of 4 survived over 26 months. The authors concluded that BNCT with bevacizumab improved symptoms of symptomatic pseudoprogression or radionecrosis and prolonged survival (34).

Histopathological studies were performed on eight patients treated with BNCT for GBM either at the time of salvage surgery or autopsy. Tissue studies demonstrated residual tumor cells in four patients. The authors concluded that a dose of 68 Gy to the GTV and 44 Gy to the CTV was needed for histopathologic cure (35). In one interesting case of a patient with gliosarcoma previously treated with BNCT, only the sarcomatous component recurred 6 months post-BNCT (36). Radiographically, 50% of patients had cerebral changes within the first year of treatment, with atrophy affecting 42% of patients analyzed as part of the EORTC 11961 trial (37).

There are several current trials investigating the use of BNCT in high grade gliomas. In Japan, 21 patients with newly diagnosed glioblastoma were treated with combination BPA and BSH. Protocol 1 investigated 10 patients treated with BNCT alone with Protocol 2 investigating 11 patients receiving external beam radiation therapy. The median survival time was 15.6 months for all patients, and 23.5 months for Protocol 2. The 2-year overall survival was 25% (1, 6, 20). A phase II clinical trial (OSAKA-TRIBRAIN0902, NCT00974987) was designed based on that study and completed accrual in 2018. The Tsukuba BNCT trial is a phase II study evaluating combined photon irradiation with concurrent temozolomide combined with BNCT using 250 mg/kg BPA (38).



Meningioma

Miyatake et al. described seven cases of malignant meningiomas, including three anaplastic meningiomas, two papillary meningiomas, one atypical meningioma, and one sarcoma transformed from a meningioma, treated with BNCT. 18F-BPA PET was applied before BNCT in six patients and one underwent methionine-PET. Two of the three anaplastic meningiomas showed a complete response, and all six patients analyzed showing radiographic improvement (39). Stenstam et al. described two patients treated with BNCT using BPA-fructose (900 mg/kg body weight) for recurrent meningeal tumors following surgery, radiation, and salvage surgery and concluded that BNCT is a potentially effective modality for malignant intracranial meningeal tumors (40).

Similarly, the median survival times after BNCT with BPA for high grade meningiomas recurrent after or refractory to treatment was 14.1 months from BNCT treatment in the study by Kawabata et al. In this study, BPA was administered prior to neutron irradiation (200 mg/kg/h) and during neutron irradiation (100 mg/kg/h). The duration was determined to not exceed the dose of 15 Gy-Eq to the normal brain (7, 41). Of 20 patients who underwent 28 BNCT treatments following at least one prior course of external beam radiation therapy or stereotactic radiosurgery, at least three patients had pseudoprogression, with five patients experiencing symptomatic radiation necrosis (41).

A retrospective review from the Osaka Medical College Hospital and the Kyoto University Research Reactor Institute investigated 31 patients treated with BNCT for recurrent high grade meningiomas, including seven skull base meningiomas. PET scans revealed a 3.8 times higher boron accumulation in the meningiomas compared to normal brain, with a mean maximum absorbed dose of 67.2 Gy-Eq. All lesions showed decrease in size, and the median survival of skull base meningiomas following BNCT was 24.6 months (42).

Tamura et al. reported on a 25-year-old patient with a recurrent malignant meningioma who underwent two resections and three courses of Gamma Knife radiosurgery without adequate control. She received 5 g BSH IV for 1 h approximately 13 h before radiation, and 500 mg/kg BPA before receiving epithermal neutrons. The minimum tumor dose was estimated to be 39.7 Gy-Eq. She regained the ability to ambulate within 1 week after the first treatment of BNCT and showed decrease in size of the tumor at 26 weeks (43).

A pathology study of a 70-year-old who died from systemic metastasis from anaplastic meningioma showed significantly lower proliferative activity of the meningioma recurrence compared to an untreated metastatic liver lesion and untreated meningioma. The study supports the early effect of BNCT on anaplastic meningiomas, with treatment effect seen as early as 2.5 months after treatment (44). Other pathology studies showed that radiation-induced focal venular fibrinoid necrosis and multifocal demyelination may occur after high doses of BNCT to neuroparenchyma (45).



Definitive Treatment for Head and Neck Cancers

Although the majority of clinical trials regarding BNCT use in head and neck malignancies investigated it in the recurrent setting, BNCT has been used for definitive therapy as well. Single fraction BNCT using BPA-F at a dose of 400 mg/kg with epithermal neutrons using two circular 14 cm diameter beams with irradiation times of 15.3 min and 16.5 min has been used successfully for the treatment of unresectable, undifferentiated sinonasal carcinoma. The authors reported that although the patient recurred 6 months post-treatment, his quality of life improved following treatment and primary side effect experienced was mucositis (46). Kimura et al. reported on a 78-year-old patient with a papillary cystadenocarcinoma of the upper lip treated with BNCT using 500 mg/kg BPA as the boron carrier in two fractions with a total dose 63.4 Gy-Eq at the tumor peak. The tumor decreased by 86% at 5-month follow up, although the patient experienced acute extensive erosion (47).

Recently, Kankaanranta et al. reported on a 53-year-old woman successfully treated with BNCT for a large head and neck cancer in the definitive setting. The patient presented with a 7.4 cm intranasal mass and was treated with 400 mg/kg L-BPA-fructose followed by IMRT to a dose of 44 Gy following resolution of acute BNCT induced mucositis. Intravenous cetuximab and cisplatin were given concurrently with IMRT. The patient experienced grade 3 mucositis, alopecia, fatigue, and xerophthalmia. The patient achieved a complete response and had no evidence of disease at 6 month follow-up (48). The authors concluded that BNCT is a reasonable treatment with moderate toxicity in the setting of first line therapy for head and neck cancers.

Kankaanranta et al. reported on a prospective, phase I/II trial of 30 patients treated for inoperable, locally advanced head and neck cancer with BNCT between December 2003 and September 2008 in Finland (NCT00114790). Of the 30 patients, 29 had carcinomas as the primary histology, with one patient diagnosed with a sarcoma. Patients were treated with surgery and radiation therapy to a median dose of 60 Gy, with 33% of patients receiving concurrent chemotherapy. BNCT was administered in two fractions with 400 mg/kg L-BPA-fructose with neutrons given from two portals with a median beam time of 18.6 min. Of the 29 evaluable patients, there was a 76% response rate. The median PFS was 7.5 months, with a 2-year OS and PFS of 30% and 20%, respectively. Acute grade 3 mucositis and oral pain were noted in 54% of patients, with fatigue in 32% of patients. Three patients developed grade 3 osteoradionecrosis and one patient developed grade 4 soft tissue necrosis. Twenty percent of patients developed late grade 3 xerostomia (9).

Fatal carotid blowout remains a concern following BNCT for head and neck cancers, with one study by Aihara et al. reporting carotid blowout syndrome in two out of 33 patients treated with BNCT, developing between 1 and 3 months after BNCT (49).



Recurrent Head and Neck Cancers

Kato et al. reported on the first six patients treated for recurrent head and neck cancers with BNCT, using combination BPA (250 mg/kg) and BSH (5 g) with epithermal neutron irradiation with a fluence ranging from 1.3 to 2.7. An improvement in quality of life was seen in five patients given the reduction in tumor volume (50). Suzuki et al. retrospectively reviewed the records of patients treated for locally recurrent or unresectable head and neck cancers treated with BNCT between 2001 and 2007 at Kyoto University. BPA alone or BPA and BSH were used as the boron compounds. For the 62 patients treated, the median follow up was 18.7 months, the median survival was 10.1 months, the overall response rate was 58% at 6 months, and the 2-year OS was 24.2%. Hyperamylasemia was the most common acute grade 3 or 4 toxicity (38.6%), followed by mucositis (9.7%) and pain (9.7%). Two patients had fatal carotid hemorrhage, and one patient died due to malnutrition (11). In another retrospective study, 79 patients with inoperable, locally recurrent squamous cell carcinoma of the head and neck were treated with BNCT in Finland between 2003 and 2012. Ninety-five percent of patients had previously received radiation to a median dose of 66 Gy. L-BPA-fructose was used at a dose of 350–400 mg/kg, with neutron irradiation lasting a median of 42 min. Thirty-nine patients received BNCT twice, while 40 patients received one fraction due to a variety of reasons, such as distant disease or medical comorbidities. Four of this patient cohort, 68% showed some response, with a 36% complete response rate. Patients treated twice with BNCT showed improved response compared to those who were treated once. With a median follow-up of 7.8 years, the 2-year locoregional progression free survival was 38% and 2-year OS was 21%. A minimum GTV dose of 18 Gy was associated with the best survival, suggesting that minimum tumor dose is predictive of survival (12).

Based on 26 patients treated with recurrent head and neck malignancies in Osaka, Japan since 2001, Kato et al. found an overall response rate of 85%, with improvement in quality of life. Combination BSH and BPA, or BPA alone (250 or 500 mg/kg) were used. The mean survival following treatment was 13.6 months. Transient mucositis and alopecia were the most common adverse effects, with three patients developing osteomyelitis and one suffering from brain necrosis. The authors conclude that BNCT is a new and promising technique (10). Another study reviewed 12 patients with inoperable, recurred, locally advanced head and neck cancers. L-BPA-F was given at a dose of 400 mg/kg followed by neutron irradiation, with the median time from the first field of 18.1 min and time of irradiation from the second field of 17.5 min. Eighty-three percent of patients had a response to BNCT; with 33% of patients without recurrence at a median follow up of 1.0 months. Two patients had grade 3 toxicity: one patient experienced xerostomia and one experienced dysphagia (51). Aihara et al. reported on 10 patients treated with recurrent squamous cell carcinoma and seven patients with recurrent and three newly diagnosed head and neck non-squamous cell carcinoma treated between 2003 and 2007 in Japan. Of these, 11 patients showed a complete response, with a total response of 90%. There were no severe acute or late toxicities (52).

In Finland, six patients with locally recurrent laryngeal squamous cell carcinoma and three patients with persistent laryngeal cancer were treated with BNCT from 2006 to 2012. L-BPA-F at a dose of 400 mg/kg was administered over 2 h. Of the eight patients analyzed, there were two complete responses and four partial responses. Five patients developed early large grade 3 toxicity and 38% developed late grade 3 toxicity. The most common acute and late toxicities were stomatitis and mucositis. The median time to progression was 6.6 months (53).

Haginomori et al. reported on the first case of a 42-year-old patient treated for extensive squamous cell carcinoma of the temporal bone that recurred after initial chemotherapy, surgery, and radiation therapy. The patient underwent planned fractionated BNCT with BPA with two treatments given 1 month apart. The total radiation dose to the deepest point of the tumor was approximately 36.9 Gy-Eq. At 6 months after the first treatment, there was no evidence of residual tumor (1, 54).

In recurrent salivary gland cancers, a 48-year-old patient with recurrent submandibular gland malignancy undergoing 18F-BPA PET before BNCT showed complete regression after therapy (55). Aihara et al. reported on two patients with recurrent salivary gland cancer and three patients with newly diagnosed T4 salivary gland cancers treated with BNCT between 2003 and 2007. All patients achieved a complete response within 6 months. The median survival was 32 months, with two patients with distant metastatic disease. There were no severe grade 3 or high toxicity (56).

BNCT has also been used successfully in treating nodal recurrences. Four patients were enrolled at Osaka Medical College evaluating the use of BNCT for regional nodal recurrence of oral cavity cancers. All patients showed a partial response, with one patient having a marked improvement in quality of life, following administration of 500 mg/kg BPA. The neutron dose was determined by delivering 10–15 Gy-Eq to the oral mucosa (57). Of six patients treated at the same institution for recurrent oral cancer, three remained alive with improvement in quality of life. Five patients had decrease in pain (58), suggesting that BNCT may be beneficial for palliation.

Using the Tsing-Hua Open Pool Reactor (THOR) at the National Tsing-Hua University in Hsin-Chu, researchers initially enrolled 17 patients with 23 recurrent head and neck tumors between 2010 and 2013 in a phase I/II trial investigating BNCT for recurrent head and neck cancers. A fructose complex of L- BPA was used. Patients were then treated to a prescription dose of 20 Gy-Eq to cover 80% of the gross tumor using a single field and were treated in two fractions at 28-day intervals. With a median follow up of 19.9 months, 15 patients received both fractions, and six had a complete response. Nine patients reported improved quality of life, with low-grade oral mucositis, radiation dermatitis, and alopecia as the most common acute toxicities. One patient developed grade 4 acute laryngeal edema and carotid hemorrhage, and two patients developed late grade 3 cranial neuropathy. The 2-year overall survival was 47% (13, 14, 59). The 2-year locoregional control rate was 28%, and a second trial using image-guided IMRT was initiated in 2014 to improve local control. In this second protocol, IMRT was initiated 28 days after one administration of BNCT. Of the seven patients treated with this protocol, three had a complete response with a 1-year OS of 56%. Toxicity was similar to the first trial, with one patient developing grade 4 oral bleeding and another developing grade 4 dyspnea due to facial edema (14). Using nine patients with recurrent head and neck cancer from THOR, Lee et al. analyzed the dose distributions between BNCT alone and BNCT with IMRT. BNCT with IMRT had GTV conformity and improved homogeneity compared to BNCT monotherapy (60).

Eight patients underwent BNCT with IV BPA and seven patients were treated with intra-arterial BPA for recurrent head and neck malignancies. Efficacy was similar, and the authors determined that intra-arterial BPA is a viable delivery system for BNCT (61).



Lung Cancers

BNCT has been proposed for diffuse, non-resectable lung tumors (62), as well as for inoperable malignant pleural mesothelioma (63–65). Suzuki et al. reported on two patients with diffuse pleural tumors, one with malignant pleural mesothelioma and one with malignant short spindle cell tumor, treated with BNCT with BPA-F to a dose of 250 or 500 mg/kg. The tumors either were stable or regressed at 6-month follow up with no grade 3 or higher acute or late toxicities (63). The feasibility of treating shallow lung tumors with BNCT was confirmed in one study, although the role of BNCT in treating deeper tumors remains unknown (66).



Breast Cancers

There have been few studies to date investigating the use of BNCT in breast malignancies, although BNCT may have a role as a potential option for treating HER2 overexpressing breast cancers based on promising pre-clinical data. Immunoliposomes, such as those labeled with trastuzumab, have been proposed to act as a boron carrier and can selectively target HER2 overexpressing cells (67). Further, dosimetric analyses have shown the possibility of BNCT for locally recurrent breast cancer (68). Collectively, these studies suggest a benefit of BNCT for breast cancers, but further clinical studies are needed.



Hepatocellular Carcinoma

Suzuki et al. reported on the first patient treated for multiple hepatocellular carcinomas in Japan. The patient had Child-Pugh grade B cirrhosis, and irradiation was confined to the right lobe. BPA (250 mg/kg) and BSA (1 g/body) were used as boron carriers. The peak dose to the right lobe of the liver was 4.9 Gy-Eq, and the mean dose was 2.7 Gy-Eq. At 1 month, the tumors treated with BNCT remained stable, although there was progression of disease after 3.5 months (69).

Yangie et al. performed a pilot study using selective intra-arterial infusion to deliver a BSH containing water-in-oil-in-water emulsion to a left liver lobe lesion in a 63-year-old man with hepatocellular carcinoma. Irradiation time was set to limit the maximum dose to the liver of 5.0 Gy-Eq. The patient was considered to have stable disease on initial follow-up imaging, although he later developed multiple nodules in the left lobe of the liver as well as lung metastatic disease. The patient died from pneumonia 7 months after BNCT (70).



Sarcomas

Osteosarcoma has been shown to be effectively and safely treated with BNCT. BNCT has also been used successfully in the treatment of osteosarcoma of the temporomandibular joint, with no evidence of recurrence after approximately 2 years (71). Futamura et al. reported on a 54-year-old female effectively treated for a recurrent radiation-induced osteosarcoma in the left occipital skull by BNCT. 500 mg/kg of BPA was administered. Although she was unable to ambulate at diagnosis, she regained the ability to ambulate without aid approximately 3 weeks following BNCT. The treatment was well tolerated, with the patient experiencing alopecia as the only reported toxicity (72).

Malignant peripheral nerve sheath tumors (MPNSTs) are a rare soft tissue malignancy with a poor prognosis despite surgical resection. Animal models using L-BPA showed efficacy of BNCT for MPNST (73), and a 70-year-old woman were treated for a MPNST in the right supraclavicular fossa with an initial response and no evidence of recurrence at 2 years (74). Animal models were promising for clear cell carcinoma (75).



Cutaneous Melanoma

Patients diagnosed with melanoma often have poor prognoses despite optimal treatments. Due to this, Gonzalez et al. reported on a case of a 54-year-old women treated for cutaneous melanoma as part of the initial 30 patient cohort treated with BNCT. BPA-F to a dose of 14 g/m2 over 90 min was used with an estimated treatment time of 903 monitor units to keep the normal maximum skin dose below 16.5 RBEGy. Of the 25 skin nodules, 21 were in complete response 8 weeks following treatment with grade 1 acute skin reaction as the primary toxicity (76).

Further, Menendez et al. reported on seven patients treated with BNCT for cutaneous melanoma with multiple skin metastases in the extremities in Argentina between 2003 and 2007. All patients received 14 mg/m2 of BPA. The overall response rate was 69%, with a 30% grade 3 toxicity rate (ulceration) (15). Two patients enrolled in the trial were studied using dynamic infrared imaging, which registers the temperature evolution of normal skin and tumor. Researchers found the main erythematous reaction occurred between the second and 5th week after irradiation (77).

Most recently, the Third Xiangya Hospital of Central South University in Changsha China recently developed a protocol for treating malignant melanoma using BNCT, with a goal of accrual of 30 patients (NCT02759536). The authors report on the first patient treated for a left foot lesion in August 2014. In this study, BPA-F complex was used with 350 mg/kg infused into the patient over 90 min. Using the Monte Carlo N Particle Transport Code 6 program, the estimated dose was determined, and the patient was treated with two fields in a total of 20 min. The patient experienced only mild dandruff `1 week following irradiation, although this progressed to grade 2 dermatitis at 4 weeks. There were no significant lab value findings. Biopsy performed at 9 months post-BNCT and PET scan 24 months post-BNCT showed no evidence of disease (78). BNCT may also be used in controlling in-transit and lymph node metastasis from cutaneous melanoma (79).



Extramammary Paget’s Disease

Due to the morbidity associated with wide local excision of extramammary Paget’s disease of the genitals, Makino et al. reported on the first two cases of extramammary Paget’s disease of the genitals treated with BNCT. Both patients were over the age of 70. At 12 months after treatment, both cases had a complete response with no evidence of recurrence or metastatic disease (1, 80).

Kyoto University treated one patient with vulvar melanoma and three with genital extramammary Paget’s disease between 2005 and 2014. 10B-enriched L-BPA was used as the boron delivery source to a dose of 200 mg/kg over 3 h (rate of 80 mg/kg/h for the first 2 h and 40 mg/kg/h for the last hour). Patients were irradiated in the last hour of the infusion. All four patients had a complete response in 6 months, with two patients developing grade 2 erosions, one patient developing grade 2 dysuria, and one patient developing grade 1 mucositis (81).



Metastatic Disease

Although currently limited to translational studies and case reports, BNCT will likely be used in the setting of metastatic disease. The EORTC 11001 protocol is a translational phase I trial with the goal to measure the uptake of two boronated compounds in tissues and the blood. BSH and BPA are administered prior to surgical resection of hepatic metastasis, with no patients experiencing toxicity from the boron carriers. BSH was not a suitable carrier, as the liver concentration was higher than in the metastasis. BPA may be used for extracorporeal irradiation of the liver with BNCT (82), which has previously been used in a small series of two patients (83). The study was also performed for head and neck cancer patients, and found that BPA and BSH might allow effective treatment in squamous cell carcinoma (84). The study was repeated in thyroid cancer (85).

Interestingly, a proof of principle study using rats treated with BNCT showed that BNCT is capable of inducing the abscopal effect in rats inoculated with colon cancer cells (86). Further studies are needed to evaluate the immunogenicity of BNCT.

Clinically, BNCT has been shown to lead to suppression of tumor growth for 2 months in a 72-year-old man treated with recurrent gastric cancer and a left cervical node lesion (1, 87).



Pediatrics

BNCT has also shown benefit in children with malignant brain tumors. In one series, 23 patients under the age of 15 treated with BNCT were included. Four patients were under the age of 3. Three patients had glioblastomas, six patients with anaplastic astrocytomas, seven patients with PNET tumors, six patients with pontine gliomas, and one patient with anaplastic ependymoma. Four of the six anaplastic astrocytoma and the anaplastic ependymoma patients had no evidence of recurrence. The patients with GBM and PNET tumors died of disseminated tumor without local recurrence. The pontine glioma patients died of tumor regrowth. The authors concluded that BNCT can be used in children (88).

Zhang et al. analyzed the secondary malignancy risk in pediatric patients treated with BNCT for brain tumors in China. When comparing neutron beam geometries, the authors concluded that the lifetime attributable risk of secondary malignancy was lower with posterior-to-anterior arrangement compared to right-lateral and top-to-bottom. Younger patients and female patients also had higher risks of secondary malignancy (89). In Japan, only 1 out of 180 patients treated for malignant brain tumors since 1968 developed multiple radiation-induced meningiomas in the treatment field (90).



Discussion

BNCT represents a promising treatment modality, with data suggesting the safety and efficacy of treatment in patients with advanced tumors. Caution should be taken when interpreting the data from BNCT. The studies exhibit a high degree of heterogeneity in inclusion criteria, boronated compounds used, times for infusion, and neutron dose given, which creates difficulty in comparing studies even within the same disease site. Additionally, there are no current studies investigating the outcomes of BNCT compared to other standards of care, which limit interpretation of the results. Well-designed phase II/III studies are needed to define the efficacy and safety of BNCT in a variety of tumor types.

Although initial results with BNCT are promising, toxicity rates remains relatively high. Further research into developing more selective boronated compounds is needed to improve the therapeutic ratio of treatment and decrease potential toxicity. In the era of immunotherapy and targeted agents, 10B can conceivably be conjugated to these agents to increase selectivity, an area of needed research. Alternatively, BNCT may be coupled with immunotherapy to achieve optimum synergy between immune activation by the high LET attributes of BNCT and immunotherapy that maintains lymphocytes in an activated state.

Another barrier to adoption of BNCT is the high cost of developing and maintaining a BNCT treatment center. Currently, there are no centers in the United States treating with BNCT. Nakagawa et al. estimated that a BNCT facility in Japan costs approximately 1200 million Yen (approximately $11.4 million) to construct with an annual personnel cost of 113 million Yen (approximately $1 million) (91). The substantial initial startup costs are a barrier to developing a BNCT center in the United States, especially with a lack of studies investigating the cost effectiveness of BNCT compared to other modalities.

Another potential area of research is using non-boronated compounds, which, while offering similar mechanisms as BNCT, may have improved treatment effects or mitigation of BNCT limitations. 157Gadolinium in particular has generated considerable interest, in no small part due to its role as a contrast agent in MRI and notable high uptake in (brain) tumor cells, where the large magnetic moment of the Gd3+ ion may be detected (92–96). Unlike 10B, which releases both high LET He and Li ions, the 157Gd (n,γ)158Gd capture reaction generates gamma rays, x-rays, and internal conversion, Auger, and Coster-Kronig electrons. These electrons are similarly high-LET with limited range, concentrating damage within a diameter of approximately one cell and effectively generating double strand breaks. This offers unique potential if a highly localizing gadolinium-based agent can be achieved. However, the presence of gamma and x-rays broadens the dose delivery region, and may somewhat limit selectivity (94). In comparison with boronated compounds, the wider irradiation range may offer improved treatment of nearby cells undergoing limited deposition, forming a spectrum of utility amongst boronated and gadolinium-based agents. As such, treatment efforts hinge on the development of gadolinium-based compounds, of which many have been developed and assayed (94), though deployment within in vivo models has been limited. Early results were promising, such as Tokumitsu and colleagues’ deployment of chitosan nanoparticles in 1999, finding significant suppression in a B16F10 murine melanoma model (95). Uniquely, combination agents have been introduced: a gadolinium/boron agent, bound to low-density lipoproteins (LDL), has demonstrated preliminary success in MRI-monitorable detection and treatment success both in-vitro and in a murine model (93).



Conclusions

Boron neutron capture therapy represents an emerging targeted therapy with promising results and acceptable toxicity in early clinical studies. Further prospective research is necessary to define the role of BNCT in clinical practice.
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Objective

To analyze the effect of carbon ion (12C6+) radiation may induce bystander effect on A549 cell metastasis and metabonomics.



Methods

A549 cell was irradiated with carbon ion to establish the clone survival model and the transwell matrix assay was applied to measure the effect of carbon ion on cell viability, migration, and invasion, respectively. Normal human embryonic lung fibroblasts (WI-38) were irradiated with carbon ions of 0 and 2 Gy and then transferred to A549 cell co-culture medium for 24 h. The migration and invasion of A549 cells were detected by the Transwell chamber. The analysis of metabonomic information in transfer medium by liquid phase mass spectrometry (LC-MS), The differential molecules were obtained by principal pomponent analysis (PCA) and the target proteins of significant differences (p = 1.7 × 10−3) obtained by combining with the STICH database. KEGG pathway was used to analyze the enrichment of the target protein pathway.



Results

Compared with 0 Gy, the colony formation, migration, and invasion of A549 cells were significantly inhibited by carbon ion 2 and 4 Gy irradiation, while the inhibitory effect was not significant after 1 Gy irradiation. Compared with 0 Gy, the culture medium 24 h after carbon ion 2 Gy irradiation significantly inhibited the metastasis of tumor cells (p = 0.03). LC-MS analysis showed that 23 differential metabolites were obtained in the cell culture medium 24 h after carbon ion 0 and 2 Gy irradiation (9 up-regulated and 14 down-regulated). Among them, two were up-regulated and two down-regulated (p = 2.9 × 10−3). 41 target proteins were corresponding to these four differential molecules. Through the analysis of the KEGG signal pathway, it was found that these target molecules were mainly enriched in purine metabolism, tyrosine metabolism, cysteine and methionine metabolism, peroxisome, and carbon metabolism. Neuroactive ligand-receptor interaction, calcium signaling pathway, arachidonic acid metabolism, and Fc epsilon RI signaling pathway.



Conclusion

The bystander effect induced by 2 Gy carbon ion radiation inhibits the metastasis of tumor cells, which indicates that carbon ions may change the metabolites of irradiated cells, so that it may indirectly affect the metabolism of tumor cell growth microenvironment, thus inhibiting the metastasis of malignant tumor cells.
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Introduction

In 2018, there were 18.1 million new cases of cancer worldwide, of which the incidence of lung cancer was 11.6% and the mortality rate was 18.4% (1). However, the metastasis of lung cancer is a major cause of treatment failure (2). Carbon ions with high LET rays (12C6+) can inhibit the metastasis of tumor cells by their advantages in physics and biology (3, 4). Radiation induces bystander effect (RIBE) refers to the plethora of biological phenomena occurring in non-irradiated cells as a result of signal transmission from an irradiated cell (5). The study of proton targeting cancer cells and unirradiated normal fibroblasts also found an induced bi-directional bystander effect, and RIBE was detected in vitro, 3D tissues and mouse models (6).Growing evidence show that bystander responses can be regulated by four mechanisms-(i) gap junction intercellular communication (ii) communication of soluble factors released by irradiated cells or organs (iii) clastogenic factors and exosomes (7, 8).

Recently, it has been found that reactive oxygen species (ROS) (9), superoxide dismutase (SOD), nitric oxide (NO) (10), cyclooxygenase 2 (COX2), CD95 ligand (Fals), transforming growth factor-β1 (TGFβ1), and tumor necrosis factor-α(TNF-α) (11) play an important roles in RIBE. Among all these factors, some are soluble factors (TGFβ1 and TNF-α), some are exosome released factors (Fals), others are common factors of both (ROS, SOD, NO, and COX2), are very similar effect to RIBE. The maximum molecular weight allowed to pass through the pores of gap junctional intercellular communication (GJIC) is 1,000 to 1,500 Da, which allows ions, small molecular metabolites and second messengers to communicate directly between cells. The molecular weight of soluble factors is between 1,000 and 10,000 kDa. Molecules smaller than 1,000 Da are selected as the main metabolic factors in this study, so they belong to clastogenic factors and exosomes-mediated bystander effect factors (12). At the same time, the GJIC also plays an interesting role in RIBE (13). After GJIC inhibition, the fractionated doses of proton radiation-induced less DNA damage than single-dose radiation in the secondary bystander effects (14). The mechanism of the radiation-induced bystander effect, whether involving cell-cell contact or mediated by soluble factors, is not clear, is likely to be complex, and involves multiple pathways (15). At present, there are two main research reports—(i) For cells in direct contact, bystander signaling can occur through GJIC. Gap junctions are multimeric protein channels between cells that allow transmission of signaling molecules. Key ions and metabolites that are known to be transmitted through GJIC include ions such as Ca2+, nucleotides, peptides and other secondary messengers (16). (ii) Its mechanism that radiation exposure can result in the release of soluble (clastogenic) factors or exosomes into the microenvironment that are capable of inducing chromosome damage in cultured cells, thus changing the biological characteristics of unirradiated cells. Among them, the studies on cytokine signal transduction and production of reactive oxygen species and nitrogen species are relatively clear (17).

Although there are many reports about RIBE research, only a few studies about the relationship of carbon ion bystander effects (CIBE) and malignant tumor cell metastasis. It has been found that glutamate involved in tumorigenesis, and glutamate concentration plays a key role in the invasion and migration of pancreatic cancer cells (18). Understanding radiation-induced signaling pathways is essential for developing new strategies in both cancer radiotherapy and the prevention of radiation carcinogenesis (19). Therefore, in our study, we used metabonomics techniques were used to analyze the metabolic molecules of carbon ion-induced fine radiation bystander effects, meanwhile we combined with bioinformatics methods to screen differential metabolites and possibly target molecules to explain the effect and potential effects of carbon ion radiation bystander effects on non-small cell lung cancer (NSCLC) cell metastasis.



Materials and Methods


Cell Culture

Human lung adenocarcinoma cell line A549 and normal human embryonic fibroblasts WI-38 cells were purchased from the American Type Culture Collection (ATCC). The cells were maintained in RPMI1640 medium supplemented with 10% (v/v) fetal bovine serum (FBS), 100 U/ml penicillin and 100 mg/ml streptomycin (Life Technologies) in a humidified atmosphere of 5% (v/v) CO2 and 95% (v/v) air at 37°C. Every other day, the medium was changed, and cells in the logarithmic growth phase (1 × 107 cells were harvested at 70% confluence) were used in the experiments.



Irradiation Condition

Heavy ions were obtained from the carbon ion (12C6+) beam of the Deep Therapy Terminal, Institute of Modern Physics, Chinese Academy of Sciences (HIRFL-CSR) (Ray parameters: energy of 100 MeV, the dose rate of 1 Gy/min, broadened Bragg peak of 5 mm, radiation field of 5 cm × 5 cm), for cell irradiation. Irradiation doses were 0, 1, 2, and 4 Gy. The experiment was repeated four times.



Medium Transfer Protocol

Exponentially growing cells were irradiated with carbon ion, and then incubated in fresh medium to allow for the release of soluble bystander factors. After carbon ion treatment (counted as 0 h), irradiation conditioned medium was harvested at the time points of 24 h, respectively. These irradiation conditioned medium were filtered through 0.22-μm filter (Millpore, USA) to remove any floating cells and cellular debris. These irradiation conditioned medium were used to culture the nonirradiated cells (bystander cells). For the controls in all experiments, the irradiation conditioned medium were collected from a parallel culture that had not been irradiated.



Colony Formation Assay

Cells in logarithmic growth were detached with 0.25% trypsin and then triturated into single cells and centrifuged. The number of cells was counted with a counting board. A549 cells were inoculated separately in a six-well plate after being resuspended in culture medium containing 10% FBS: 0 Gy group: 400 cells/well, 1 Gy group: 800 cells/well, 2 Gy group: 1,000 cells/well, and 4 Gy group, 4,000 cells/well. Three replicate wells were used for each group. After overnight inoculation, the cells were exposed to 0, 1, 2, and 4 Gy carbon ion rays and cultured in a cell incubator for 13 days. When the cell colonies were visible to the naked eye, approximately 50 cells were counted under the microscope, and the experiment was terminated. Next, the cells were fixed with 4% polyformaldehyde (500 μl) for 15 min, stained with a crystal violet solution (500 μl) for 15 min, and observed. Plating efficiency (PE) = colony number/inoculation number × 100%, and survival fraction (SF) = colony rate in the experimental group/colony rate in the control group × 100%. The cell dose survival curve was generated using the formula SF=e^(−(αD + βD^2)) and GraphPad Prism 6 software. The experiment was repeated three times.



Cell Counting kit-8 (CCK-8) Assay

A549 cells grown in wells were detached with trypsin and resuspended in a small amount of culture medium, and the cells were then counted. Next, 100 μl (approximately 10,000 cells) of cell suspension was added to each well of a 96-well plate. Six replicate wells were used for each group, and the culture plate was placed in an incubator for pre-culture for 24 h (37°C, 5% CO2) to allow the cells to adhere. The cells were exposed to carbon ion radiation when the cells reached 50% to 60% confluence. Cell proliferation was detected at 24, 48, and 72 h after irradiation. Each well was incubated with 10 μl CCK-8 solution for 2 h. The optical density (OD) value of each well was detected by a microplate reader (450 nm). The experiment was repeated three times.



Detection of A549 Metastasis by Direct and Indirect Effects of Carbon Ion Irradiation

The A549 cells were irradiated with different doses of carbon ions, and then Transwell was used to detect migration and invasion. Migration and invasion of A549 were detected by transwell chamber after carbon ion irradiation. The Transwell assay for the ability of invasion was performed as the following protocol: the polycarbonate membranes with an 8-μm pore (Corning, USA) were placed on 24-well Transwell plates (Corning, USA), The lower side of the filter was precoated with 10μg/mL collagen type I-C (Millpore, USA). After incubation for 3 h, the number of cells that had migrated to the lower side was counted in five independent fields. These experiments were repeated a minimum of four times. The Transwell assay for the ability of migration was performed as the following protocol: Millpore filters with 8-lm pores (Millpore, USA) were precoated with 100 ml of 0.1 μg/ml Matrigel (BD, USA). After incubation for 24 h, the number of cells that had invaded to the lower side through the pores was counted in five independent fields. In both assays, FBS was used as a chemoattractant. These experiments were repeated a minimum of four times. The irradiated cells were prepared by trypsin digestion and cells (3 × 104) were resuspended in medium RPMI 1640 containing 1% (v/v) FBS and added to the top chamber. A culture medium containing 5% (v/v) FBS was then added to the bottom chamber. Meanwhile, for determining the influence of conditioned medium on the metastasis of bystander cells, medium of unirradiated cells in Transwells chamber was replaced with irradiation conditioned mediumn collected nonirradiated cells. For the controls in experiments, the irradiation conditioned mediumn were collected from a parallel culture that had not been irradiated. Other experimental conditions are the same as those for the detection of radiation-induced direct effects. Cell motility/migration was measured as the number of cells migrated from a defined area of the uncoated microfilter through micropores in the given time, 24 h. The cells that migrated to the lower surface of the membrane were fixed with methanol for 10 min and stained with 0.5% (w/v) crystal violet (BD Biosciences) for 30 min.



Metabonomics Analysis of RIBE Factors

After WI-38 cells were irradiated by carbon ion 2 Gy, the culture medium was collected at 24 h, and the differential factors in the culture medium were detected by LC-MS.LC-TOFMS (Agilent,1290 Infinity LC, 6530 UHD, and Accurate-Mass Q-TOF/MS) was used for the metabonomic profiling of all samples in the study. The profiling procedure (sample preparation, metabolite separation and detection, metabonomic data preprocessing, metabolite annotation, and statistical analysis for biomarker identification) was performed following our previously published protocols with minor modifications. The separation column was a C18 column (Agilent, 100 mm × 2.1 mm, 1.8 μm). The chromatographic separation conditions are as follows: column temperature 40 °C, flow rate 0.4 ml/min; mobile phase A: water + 0.1% formic acid, B: acetonitrile + 0.1% formic acid; according to a certain gradient elution procedure. The injection volume is 4ul and the temperature of the automatic injector is 4°C.



Data Analysis and Statistics

Mean values of control and treated samples were compared using one-way analysis of variance (ANOVA) where P < 0.05 was considered to be statistically significant. All annotated metabolites from GC-TOFMS data sets were combined and exported to SIMCA-P+ 13.0 (Umetrics AB, Umea, Sweden) and R 3.6.1 for multivariate statistical analysis. Partial least squares discriminant analysis (OPLS-DA) and orthogonal partial least squares-discriminant analysis (OPLS-DA) was performed to discriminate between carbon 2 and 0 Gy. Initially, an exploratory multivariate analysis was applied to log2-transformed ratios scaled to unit variance. The multiple test problem was addressed by calculating the false discovery rate (FDR) using the Benjamini and Hochberg method.




Results


Carbon Ion Beams Inhibited Cell Colony Formation and Cell Proliferation

We also evaluated the effect of carbon ion beams on the colony formation ability of A549 cells. The results confirmed that the colony formation ability was significantly lower in cells treated with 1, 2, and 4 Gy than in cells treated with 0 Gy (Figure 1A). There was a positive correlation between the clone inhibition rate and the carbon ion irradiation dose. The survival of A549 cell lines decreased after 1 Gy irradiation, but there was no significant difference (Figure 1B). However, after 2 and 4 Gy irradiation, cell survival decreased significantly (p = 0.02). The plating effiency of each group is 24.5, 8.75, 1.90, and 2.04%. The CCK-8 assay results revealed different growth changes after 24, 48, and 72 h. After 1 Gy irradiation, A549 cell proliferation was significantly inhibited at 24 h, and this inhibition increased in a dose-dependent manner. With the extension of time after irradiation, the ability of cell proliferation was gradually restored (Figure 1C).




Figure 1 | Inhibition of Colony formation and proliferation of A549 cells by carbon ions [(A) colony formation, (B) survival fraction, (C) inhibition of cell viability].





Effect of Carbon Ion on Metastasis of A549 Cells

The results of the cell Transwell chamber assay revealed that carbon ion rays inhibited cell migration and invasion compared with the control group (Figure 2A). Carbon ions at 2 and 4 Gy significantly inhibited the migration and invasion of A549 cells (p = 0.01) (Figure 2B). The migration and invasion abilities of A549 cells were decreased in 1 Gy group with respect to the 0 Gy group, but it was not significantly different (p = 0.07).




Figure 2 | Inhibition of migration and invasion of A549 cells by carbon ions [(A) migration and invasive staining, (B) metastasis difference analysis] *p < 0.05.





Migration and Invasion of A549 Cells After Culture Medium Transfer

According to the direct effect results obtained above, we chose 24 h after carbon ion 2 Gy irradiation as the dose and time for the study of bystander effects. The results of Transwell showed that the migration of A549 cells was significantly inhibited by the culture medium irradiated by carbon ion 2 Gy compared with that of 0 Gy (Figures 3A, B), and the migration of A549 cells was significantly inhibited by the culture medium irradiated by carbon ion 2 Gy (p = 0.03) (Figure 3C). Compared with 0 Gy (Figures 3D, E), the culture medium irradiated by 2 Gy carbon ions for 24 h could significantly inhibit the invasion of A549 cells (p = 0.05) (Figure 3F).




Figure 3 | Bystander effect of carbon ion (12C6+) 2 Gy irradiation on metastasis of A549 cells [(A) 0 Gy migration, (B) 2 Gy migration, (C) mobility difference analysis; (D) 0 Gy invasion, (E) 2 Gy invasion, (F) analysis of the difference of invasion rate]. "*p < 0.05.





Liquid Chromatography Coupled to Mass Spectrometry (LC-MS) Detection and Principal Component Analysis (PCA)

In this study, the mass spectrometer uses both positive and negative ion modes for quality detection, and the response value in the positive ion mode is generally low, and the fragment ion information is lacking, so the negative ion mode is finally selected for analysis. Total ion chromatography of 0 and 2 Gy was obtained by ultra-high-performance liquid chromatography coupled to quadruple time-of flight mass spectrometer (UPLC/Q-TOF/MS) analysis (Figure 4). The reproducibility and stability of the instrument were preliminarily examined. A total of 361 metabolites were structurally identified from the LC-MS data based on spectral matching against a reference database. Of the 361 metabolites, 162 metabolites were distributed in 0 Gy group and 176 in 2 Gy group. The molecular characterization is completed through the online database (http://metlin.scripps.edu/) (comparing the exact molecular weight mass of mass spectrometry).To analyze the different molecules between the two groups, the data obtained were unsupervised by PCA and PLS-DA. The scoring graph of the first principal component (t[1]) direction and the second principal component (t[2]) direction are shown in Fig. 5A. The results showed that the metabolic components of the two groups were separated well, indicating that different doses of carbon ion radiation could significantly change the metabolites.




Figure 4 | Total ion current chromatogram of carbon ion 2 Gy irradiated sample.





Analysis and Screening of Metabolites

In Figure 5A we show Principal Component Analysis (PCA) of the carbon ion irradiation along with the control group. The negative mode of PLS-DA shows that the current PLS-DA model (R2X = 0.813, R2Y = 0.984, Q2 = 0.965) is very reliable (Figure 5B), which is suitable for explaining the metabolic differences between the two groups and finding the differences in expressed metabolites between the two groups. The supervised OPLS-DA method was further used to model and analyze the differential metabolites (Figure 5C). The results showed that one principal component and one orthogonal component were obtained in negative mode (R2X = 0.887, R2Y = 0.965, Q2 = 0.863). Significantly altered irradiation metabolites with the variable importance in the projection (VIP) threshold (VIP > 1) in the above-mentioned OPLS-DA model, as well as the Mann-Whitney U test (p < 0.05), were selected differentially expressed molecular induced by radiation. The cross-validation Q2 (cum) in the PLS-DA model was 0.965 (Figure 5D). Heatmap analysis of these differential proteins corresponding to volcano plot. It could be observed that there were 162 and 176 important differentially expressed metabolites in the 0 Gy group and 2 Gy group, respectively. Among these differential metabolites those differential co-expression metabolites in top 23 VIP value were collected (Table 1).




Figure 5 | The PCA and OPLS-DA analysis on the differential metabolic molecules after carbon Ion irradiation [(A) PCA analysis, (B) PAS-DA analysis, (C) OPLS-DA analysis, (D) PLS-DA score plot, in which the abscissa represents similarity with the original model, the ordinate represents R2Y and Q2 values].




Table 1 | Differential carbon ion irradiaton induced metabolites between 2 and 0 Gy controls in the Learning Group.





Target and Network Prediction of Differential Molecules and Analysis of KEGG Pathway

Of the 384 metabolites, 185 metabolites were normally distributed in 0 Gy group and 199 in 2 Gy group. Combined with fold change value, the expression changes of differential molecules were analyzed (Figures 6A, B). The results of co-expression analysis shows that 23 differential molecules were identified, nine molecules were up-regulated, and 14 were down-regulated (Table 1). Further analysis showed that the expression of 14 metabolites such as Betain, Creatinine, Xanthine, Sphinganine, Talopyranose, Ketodeoxycholic acid and Pyroglutamic acid decreased after 2 Gy irradiation (Figure 6C). The expression of nine metabolic molecules such as Pipecolic acid, Leukotriene C4, Ribose, Niacin, Homophenylalanine, and Serotonine was up-regulated (Figure 6B). A total of 41 potential target proteins of four significant differences molecules (Betain and Creatinine, Pipecolic acid, and Leukotriene C4) were obtained from the STITCH database (Figure 7). Through KEGG pathway enrichment analysis, we discovered the top 20 significantly metabolism regulated KEGG pathways (Figure 8). it was found that 20 target proteins of the two down-regulated differential molecules, Betain and Creatinine were mainly enriched in the Purine metabolism, Tyrosine metabolism, Cysteine, and methionine metabolism, Peroxisome, and Carbon metabolism pathway (Figure 8A). The 21 target proteins of two up-regulated differential molecules of Pipecolic acid and Leukotriene C4 were mainly enriched in Neuroactive ligand-receptor interaction, Calcium signaling pathway, Arachidonic acid metabolismand Fc epsilon RI signaling pathway (Figure 8B).




Figure 6 | Screening analysis of a differential molecules after different doses of carbon ion irradiation [(A) Venn diagram of co-expression molecule, (B) expression changes of differential molecules in two groups. (C) screening of differential molecules].






Figure 7 | Target molecular network diagram for predicting four significantly different metabolites in Cytoscape.






Figure 8 | The enrichment model of target molecules in the KEGG pathway [(A) downregulated and (B) up-regulated].






Discussion

The main aim of this study was to assess the global metabonomics and metastasis changes in A549 cell line after carbon ion radiation. Ionizing radiation is defined as a radiation which has sufficient energy to ionize biological molecules. Carbon ion therapy is more advantageous than conventional radiotherapy because of the protection of normal tissues adjacent to the tumor during dose-escalation therapy (20). In this study, we first investigated the direct effects of carbon ions on A549 cells, and carbon ion radiation caused changes in the colony formation and proliferation of A549 cells. We observed that the colony formation rate of A549 cells irradiated with carbon ion rays was significantly lower, and the colony formation rate and survival fraction of A549 cells were significantly lower after irradiation at each dose (1, 2, and 4 Gy) compared with 0 Gy, especially this change was most pronounced at 4 Gy. Carbon ions could inhibit the proliferation of A549 cells, and the activity of A549 cells was the lowest at 24 h after irradiation, as we previously observed in esophageal cancer (21). Secondly, we studied the effect of carbon ion irradiation on the metastasis of A549 cells, and analyzed the migration and invasion of A549 cells after carbon ion irradiation. We observed that carbon ion 2 and 4 Gy significantly inhibited the migration and invasion of A549 cells 24 h after irradiation compared with 0 Gy. Different LET rays can inhibit the migration and invasion of tumor cells (22), with a dependent relationship between the inhibitory ability and irradiation dose (23). At the same time, the indirect effect of carbon ion irradiation on A549 cells was studied. The culture medium collected 24 h after 2 Gy carbon ion irradiation on human normal cells (WI-38) was transferred to A549 cells by the method reported by (13, 24), and the metastasis changes of A549 cells were observed again. The co-culture method was used to study the bystander effect induced by iron ion irradiation in AG01522 cells and its relationship with time (25). It was found that the medium of A549 cells after carbon ion radiation was used as a medium, thus changing the biology of non-irradiated cells. Carbon ions induce upsurge in bystander cell death in lung carcinoma cells, but manifest Type II bystander effects in hepatoma cells (26). It is possible that the primary bystander cells themselves are capable of producing secondary bystander signals to their neighboring cells and creating the radiation-induced Type II bystander effect.

In this study, we found that carbon ion radiation changed the metabolite secretion of irradiated cells, thus affecting the biological behavior of unirradiated cells. Generally, X-rays promote migration and invasiveness under normoxic conditions, and carbon ions can significantly reduce migration (27) and invasion of tumor cells in vitro and vivo (23, 28). Further, we used metabonomic analysis to confirm that the culture medium collected from carbon ion irradiated WI-38 cells is related to the decrease of metastatic potential of A549 cells. Compared with untreated cells, the biological process of culture medium related to tumor metastasis after carbon ion irradiation. It had shown that fractionated doses of protons caused less DNA damage in the secondary bystander WI-38 cells compared to a single radiation dose, where the means differ by 20%. This may also be due to the involvement of primary bystander cells releasing secreted diffusible factors into shared growth media (14).Our studies have shown that carbon ions of 2 Gy can induce up-regulation of metabolites in irradiated cells, such as pipemidic acid, leukotriene C4, ribose, niacin, homophenylalanine, and 5-hydroxytryptamine. Exosomes are closely related to lipids, lipid transporters and lipid metabolic enzymes. Radiation-induced up-regulation of cytokine and death ligand secretion by glioblastoma cells established the conditions for radiation-induced bystander response of NSC that was mediated mostly soluble factors released in the media by cancer cells (29). Cholesterol, phospholipids and sphingomyelin are the key substances for the formation of exocrine phospholipid bilayers. Exocrine induces the biosynthesis of leukotriene (LTs). Leukotriene is an effective pro-inflammatory lipid intermediary. Neutral sphingomyelinase overexpressed in exosomes can catalyze the production of ceramide and lead to neuronal apoptosis (30). The results of this study showed that the medium of WI-38 cells 24 h after irradiation with 2 Gy of carbon ions significantly inhibited the migration and invasion of A549 cells, which may be that carbon ion radiation bystander changed the metabolic pattern of A549 cells, thereby inhibiting tumor metastasis. We hypothesize that metabolites induced after carbon ion radiation alter the microenvironment of non-irradiated cells (energy changes, small molecule expression, etc.), which affects the biological behavior of tumor cells. Previous studies implicated in irradiated WI-38 and irradiated A549 cells demonstrated metabolic interference between irradiated and non-irradiated cells (31).

Metabolic conversion is one of the markers of cancer (32). Therefore, our study clearly showed that carbon ions can change the metabolic factors of tumor, and these metabolic factors regulate the characteristics of tumor by changing the metabolic mode of tumor to act on targeted molecules. Many reports have demonstrated the involvement of piperidic acid and its derivatives can be used as inhibitors of matrix metalloproteinases (33) and related transferases for the synthesis of anti-tumor drugs. In order to maintain the dynamic balance of the microenvironment, these cancer cells secrete more lactic acid, thus reducing the pH value in the tumor microenvironment and enhancing the metastatic potential of these cancer cells (34). Furthermore, we demonstrated that CIRE induced changes in glycolysis, cyanoamino acid, and citric acid metabolic pathways. Studies have found that the Warburg effect not only gives the energy needed for the growth of cancer cells, but also promotes the process of metastasis (35). The Warburg effect is a metabolic phenomenon in cancer cells, where even in the presence of adequate oxygen, there is high glycolytic activity (aerobic glycolysis) and lactate production. Our results show that CIBE can significantly inhibit the metastasis of A549 cells, so it can be speculated that carbon ion radiation can reduce the energy metabolism of cancer cells. We speculated that Betaine may inhibit tumor glucose metabolism and play an anti-tumor effect. At the same time, Betaine has significant difference in the metabolism of liver cancer, so it can be used as an excellent and potential diagnostic index (36). Our analysis founds that the differential metabolites induced by carbon ion radiation interact with other molecules (IL4, TLR4, SOD2, SLC22A2, etc.) to regulate the metastasis of A549 cells. Carbon ions not only directly act on tumor cells and change the phenotype of tumor cells, but also affect the phenotype of non-irradiated cells near irradiated cells. This may be attributed to the activation of multiple signal transduction pathways in bystander cells. It has been shown that indicate that heavy ions inactivate clonogenic potential of bystander cells, and that the time course of the response to heavy ions differs between irradiated and bystander cells (37).

These metabolisms allow the tumor microenvironment to be under acidic conditions that can inhibit the migration and invasion of tumor cells by dependent on the p53 and Caspase 3 pathways for necrosis and apoptosis (38). We have found that down-regulated molecule (betaine and creatinine) is mainly involved in Purine metabolism, Tyrosine metabolism, Cysteine and methionine metabolism, Peroxisome and Carbon metabolism pathway. Of these molecules we know, arachidonic acid has immunomodulatory and anticancer effects (39). Glucose reprogramming and glutamine metabolism not only provide the factors needed for tumor cell growth, but also reduce the pressure on the tumor microenvironment through redox reactions (40). The inhibition degree of these irreversible catabolic enzymes is highly related to tumor invasiveness, and can independently predict clinical outcomes (41). Up-regulation of molecular (Pipecolic acid and Leukotriene C4) is mainly involved in Neuroactive ligand-receptor interaction, Calcium signaling pathway, Arachidonic acid metabolism and Fc epsilon RI signaling pathway. Researcher have previously shown that RIBE responses differ among patients. Among which, it is found that Pyruvate, Lactic acid, Arginine and Glutamic acid decreased significantly, Tryptophan metabolism up-regulated, Histamine and Glutamate metabolic pathway, Tricarboxylic acid cycle and intestinal flora metabolic were disorders in colorectal cancer (42). Furthermore, there is an evidence that Serine, Glycine and one-carbon metabolism are involved in the synthesis of proteins, nucleotides and phospholipids, and related enzymes regulate the proliferation and metastasis of hepatocellular carcinoma (43). As we mentioned above, multiple signaling pathways involving metabolic molecules that cause CIBE are associated with patient inflammation, immune response and lung cancer risk prediction as well as other diseases. Calcium signaling pathway and inflammasome are closely related to immune response (44). The observations that immune prognostic biomarkers in the microenvironment are involved in Neuroactive ligand-receptor interaction pathway in osteosarcoma (45), and that pathway and gated ion channel activity are associated with the risk of lung cancer (46). Given these results, when taken together, the CIBE signals transit either through ICM milieu, may be dependent on cell type and radiation quality.



Conclusion

Through this study, we prove the potential value of metabonomics after carbon ion radiation. The bystander effects induced by carbon ion radiation may change the non-irradiated tumor microenvironment, thus increasing or decreasing the corresponding metabolites. These metabolites can act on targeted molecules and finally show the ability of collective complex signal regulatory network to act on the metastasis and invasion of malignant tumor cells. The further study of radiation bystander effect and malignant tumor metastasis and its mechanism is expected to provide a scientific basis for the optimization of clinical tumor radiotherapy and radiation protection. A better understanding of the cellular and molecular mechanisms of the bystander phenomenon, together with evidence of their occurrence in vivo, will allow us to formulate a more accurate model in assessing the health effects of low doses of high LET radiation.
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Objective

To investigate the usefulness of positron emission tomography (PET) images obtained after carbon-ion irradiation for dose verification in carbon-ion radiotherapy.



Methods and Materials

An anthropomorphic head phantom was used in this study. Three cubes with volumes of 1, 4, and 10 ml were contoured as targets in the phantom CT through a treatment planning system. Treatment plans with six prescriptions from 2.5 to 10 Gy (2.5, 3, 5, 6, 8, and 10 Gy effective dose) were designed and delivered by 90° fixed carbon-ion beams, respectively. After irradiation of the phantom, a PET/CT scan was performed to fuse the treatment-planning CT image with the PET/CT image. The relationship between target volume and the standard uptake value (SUV) in PET/CT was evaluated for corresponding plan prescription. The MIM Maestro software was used for the image fusion and data analysis.



Results

SUV in the target had an approximate linear relationship with the effective dose. The same effective dose could generate a roughly equal SUV for different target volumes (p < 0.05).



Conclusions

It is feasible to verify the actual 3-D dose distribution of carbon-ion radiotherapy by the approach in this study.
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Introduction

Radiation therapy is one of the primary methods in cancer treatment. To improve treatment outcomes, high accuracy of radiotherapy technology is emphasized. For ion-beam radiotherapy, particle therapy–positron emission tomography (PT-PET) is becoming popular for treatment verification. Although there are a number of radiation dose-verification methods, none can be used directly in 3-D patient dose verification. PT-PET is currently the only clinically applied method for in vivo verification. This study proposes an approach using PET/CT images and standard uptake value (SUV) after carbon-ion radiotherapy for in vivo 3-D dose verification. During carbon-ion irradiation, 11C (half-life T1/2 ≈ 20 min) is formed in nuclear interactions between the ions and the tissue mainly within the range of the carbon-ion Bragg peak. Distribution and radioactivity of this positron emitter can be detected via PET/CT shortly after therapy, which indicates the distribution of dose deposited by carbon ions. The carbon-ion dose distribution should correspond to the prescription in the treatment plan. To achieve a goal of 3-D dose verification, the relationship between the dose prescribed in the target volume and SUV values on corresponding images from a PET/CT scan was analyzed quantitatively.



Materials and Methods


Materials and Experiment Device

A Rando head phantom (The Phantom Laboratory, Salem, NY) was used in this study, and a SIEMENS Definition AS 64 CT simulator was used to acquire the planning image of the phantom. All the phantom plans were created by the Syngo VIA Version 12 particle Treatment Planning System. A SIEMENS Biograph mCT system was used for PET/CT scan (Figure 1). The phantom was scanned with a PET/CT scanning scope of 60.5 cm (transverse) by 21.6 cm (axial) with a 3-D maximum expected ordered subset (3-D-OSEM) image reconstruction algorithm, point dispersion function, and line time algorithm.




Figure 1 | Diagram of carbon-ion virtual target irradiation experimental plan.





Principle and Method

During the carbon-ion irradiation, positron emitters are formed on the beam path via nuclear fragmentation reactions, which can be acquired with a PET/CT scanner. A relatively low β+ activity of 1.6k Bq cm−3 is formed per gray of therapeutic dose in the tissue under the carbon-ion irradiation.

For heavier ions (such as 16O), the fragmentation reaction can happen on both the incident particles (projectile fragmentation) and target nuclei (target fragmentation) (1–3). Then target dose distribution calculated by the treatment planning system (TPS) and the positron activity distribution of the target region in actual irradiation are compared to find out the relationship between them to decide whether it is feasible to do the PET-based target dose verification for carbon-ion radiotherapy.



CT Immobilization and Irradiation Planning

The Alfa-cradle foam was used to fix the Rando head phantom. The markers placed on the surface of the phantom defined the original zero point of the CT scanning axis. In addition, the accuracy of the irradiation field size was known in this study. There were no other possible motions of the phantom.

The clinical head tumor CT scanning protocol was applied for this study (axial supine position, 512*512 pixel dimension, slice thickness 1.5 mm, tube voltage 120 kVp and 300 mAs current). After scanning, all CT images were imported to the TPS for the virtual target contouring. Some cubes (virtual CTV) were created to represent different clinical target volumes for chordoma patients in the TPS. Volumes of the cubes were 10, 4, and 1 ml. A single 90° fixed carbon-ion beam was delivered for each virtual CTV and effective fraction doses were from 2.5 to 10 Gy (2.5, 3, 5, 6, 8, and 10 Gy), respectively.

Eighteen groups of different target volume and dose combinations (6*3) were created to generate virtual treatment plans. Clinical treatment parameters (full width at half maximum (FWHM) = 3.0 mm, ripple filter level = 3.0 mm, and dose calculation grid = 2.0 mm) were applied in this study to do the planning optimization. In the single-beam optimization mode, the optimum solution was chosen as the virtual treatment plan after at least 50 iterations.

A dose-volume histogram (DVH) was created for each treatment plan. In the DVH, a 100% prescription dose completely covered more than 95% of the virtual target volume for nine groups of tests.



Phantom Study

The Rando head phantom was used to simulate a clinical patient treatment workflow on the IONTRIS facility. In total, 18 beam plans that had various target volumes and different target doses were created. Before each plan delivery, the accuracy of the phantom setup was verified by the integrated orthogonal X-ray image system. The tolerance of setup deviation was ±1 mm in each direction. The time of plan delivery was recorded to calculate decay time of radioactive elements (Table 1). All carbon-ion beams were raster scanning pencil beams with an energy range from 174.5 to 248.6 MeV.


Table 1 | Time list of beam-on time and phantom transit time of every delivery (unit: min).





PET/CT Scan After Carbon-Ion Beam Irradiation

After plan delivery, the head phantom was quickly transferred to the PET/CT room within 6 min, which was much shorter than the half-life of the 11C (t1/2 = 20.38 min), to get PET/CT images with high signal-to-noise ratio (SNR). After the scanning setup, we referred to the routine diagnosis SUV value of the PET/CT image obtained by the 18 FDG radiopharmaceutical using the parameters of the pretest: the virtual body weight is 50 Kg, the virtual radioactive drug injection, the decay time parameter is fine-tuned according to each delivery, and every substudy total scanning time is 30 min. That means, when the scanning is finished, the signal, including a half-life time of the activated substance (11C) produced by the carbon-ion irradiation in the phantom, was fully collected. Eighteen sets of PET/CT verification images were acquired (Figure 2).




Figure 2 | Rando head phantom PET/CT scanning.





Processing of Image Registration

Eighteen groups of DICOM studies were imported to the MIM Maestro software version 6.5.9 as the reference data for image registration, including CT images, virtual clinical target contours, and the relative effective plan doses. Eighteen sets of PET/CT verification images were also imported. To ensure the accuracy of image registration, we used a rigid registration workflow. After automatic registration by MIM Maestro, slight manual adjustment was done (Figure 3).




Figure 3 | Example of rigid registration fusion for planned CT and PET/CT image.



These experimental data were processed by a linear fitting method after obtaining them for each different volume and dose group. The correlation between these data was also analyzed.

The data statistics function module of the MIM software was used to calculate SUV for each virtual CTV to find out the maximum, minimum, mean, and total SUV of the corresponding target volume. To compare the differences in the same set obtained with the same relative dose to different volume targets, the SPSS statistical analysis software Version 22 was used to perform rigid alignment on the fusion images of each group. The maximum, minimum, and mean SUV data were also processed by this software. The difference of SUV data between variant target volumes was analyzed by independent sample t test.




Results


Experimental Research Data Analysis

The virtual CTV was registered to the corresponding structure of the PET/CT image for statistical analysis. We get the following results listed in Table 2:


Table 2 | SUV of each target volume under different carbon-ion irradiation doses.



In the experimental data, the maximum, minimum, average, and total SUV values of three groups of different target sites were measured after different doses of carbon-ion irradiation, the results were showed on the Figures 4–6. The SPSS statistical analysis software version 22 was used to perform rigid alignment on the fusion images of each group and the R2 value of each group was calculated.




Figure 4 | Maximum, minimum, average, and total SUV of 1 ml clinical volume for different target doses.






Figure 5 | Maximum, minimum, average, and overall SUV of 4 ml clinical volume for different target doses.






Figure 6 | Maximum, minimum, average, and overall SUV of 10 ml clinical volume for different target doses.



For R2 comparison, the results are as follows:

The six sets of histograms show SUV of single fraction doses from 10 to 2.5 Gy for different target volumes. It can be found that the maximum, minimum, or mean SUV for the different target volumes with same single fraction dose do not have statistically significant differences (P > 0.05).

From Figures 7–12 and Table 3, we can see that, for different delivered doses, R2 values were approximately equal to 1 for maximum, minimum, and average SUV within the same target volume. This means, for various doses in different target volumes, the ion-induced SUV can have an interdeducible linear relationship with the target volumes. The SUV on PET/CT image could be quantitatively used for dose verification.




Figure 7 | SUV comparison of different target volumes after 10 Gy single fraction dose irradiation.






Figure 8 | SUV comparison of different target volumes after 8 Gy single fraction dose irradiation.






Figure 9 | SUV comparison of different target volumes after 6 Gy single fraction dose irradiation.






Figure 10 | SUV comparison of different target volumes after 5 Gy single fraction dose irradiation.






Figure 11 | SUV comparison of different target volumes after 3 Gy single fraction dose irradiation.






Figure 12 | SUV comparison of different target volumes after 2.5 Gy single fraction dose irradiation.




Table 3 | SUV R2 values for different target volumes.



From Table 3 and these six histograms for different volume target area carbon-ion irradiation, corresponding to different irradiation doses, the same volume target area shows the maximum, minimum, and average SUV numerical fit R2 values similar to 1, that is, different from the irradiation dose for each group of different target volumes of radiation, the target volume generated by the SUV value between the existence of a deductible linear relationship, corresponds to the same volume of the target area due to carbon ions. The gamma photon dose value generated by the beam irradiation induction can be quantified as the SUV value exhibited by the volume in the PET/CT scan image and can be taken from the target SUV in the verification image under certain conditions Dose value can be extended to the use of the target SUV of the accuracy of the dose to verify.

On the other hand, to compare the differences in the same set obtained with the same relative dose to different volume targets, the maximum, minimum, and mean SUV data were also processed by this software. The difference of SUV data between variant target volumes was analyzed by independent sample t test.

It can be explicitly seen from Tables 4–9 that, for the same dose irradiated, SUV in virtual CTV with different volumes were not significantly different (P > 0.05). The maximum, minimum, and mean SUV values presented on different target volumes were very close to each other.


Table 4 | Comparison of SUV values for different target volumes that received the same irradiation dose of 10 Gy.




Table 5 | Comparison of SUV values for different target volumes that received same irradiation dose of 8 Gy.




Table 6 | Comparison of SUV values for different target volumes that received the same irradiation dose 6 of Gy.




Table 7 | Comparison of SUV values for different target volumes that received the same irradiation dose 5 Gy.




Table 8 | Comparison of SUV values for different target volumes that received the same irradiation dose of 3 Gy.




Table 9 | Comparison of SUV values for different target volumes that received the same irradiation dose of 2.5 Gy.






Discussion

In the PET/CT scan process, the facility control system could use a specialized series of algorithms to correct the persistent decay data of the radioactive substance (11C, etc.) in the image reconstruction and acquirement to ensure that the image data processing procedure is correct within the time of one half-life of the radioactive isotope (4–7).

However, if the PET/CT scan start time is much later or more than one half-life of the radioactive isotope after radiotherapy delivery, the SNR of the positron signal would become much lower, and the background noise of the obtained image data would increase heavily. This leads to a degradation of usefulness of the image. Radionuclides formed during carbon-ion irradiation are very unstable and continue to β+ decay. Even if the energy of the β+ released by 11C isotope decay is only 1.0 MeV, this factor should be taken into account if the high image quality is required. In addition, it is necessary to consider the distance of the path of the positrons before annihilation, which would impact the resolution of the PET image.

Compared with the phantom, different tissues in the human body could change the range of SUV on PET/CT images. When the carbon-ion beam is delivered to the human body, the elemental composition of the various tissues on the beam path affect the number of positrons. For example, when the beam goes through the body cavity or low-density part of lung tissue, the corresponding amount of positrons is reduced, which can affect the measured SUV of these relevant regions.

Cyclic metabolism of organisms would also change the distribution of positrons in the body (8, 9). In this study, dose verification experiments on PET/CT images were performed on the Rando phantom without any blood circulation or various tissue motions. However, in living organisms, if the time interval of carbon-ion radiotherapy and PET/CT image scanning is long enough, the nuclide in the irradiated tissue will not only decay by the physical properties, but also be transported to other parts to participate in biological tissue metabolic activity (10–12). This process includes a number of possible blood or tissue fluids circulation, biological tissues within a variety of molecules associated with carbon-ion irradiation generated by a variety of radioactive isotope capture, microcirculation flow, and so on (13–15). Metabolism in the biological tissue also affects the distribution accuracy of these β+ positrons, changes the PET/CT imaging quality, and reduces the accuracy of target dose verification. The biological washout must be corrected in real patients because it can affect the activity distribution significantly. For an accurate simulation, it is important to consider the biological washout of β+ emitters due to vital functions. Mathematical expressions for washout have mainly been determined by using radioactive beams of 10C and 11C ions, both β+ emitters, to enhance the counting statistics in the irradiated area (16–18). Still, the question of how the choice of autoactivating or nonautoactivating projectile influences the washout coefficients has been unsolved (19). Therefore, if the target dose verification based on the PET/CT image is carried out in the organisms, the possible impact of precision caused by the metabolic process of β+ positrons in organisms must be noted.



Conclusion

Accurate dose verification is an important prerequisite for the safe and effective implementation of radiation therapy. PET/CT after carbon-ion radiotherapy for clinical dose verification has been demonstrated to be a feasible method. Due to the limited experimental conditions, there is some further work needed to be carried out. More data should be collected in the future to find the exact relationship between the positron distribution and prescribed dose distribution.
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Background

Quality management and safety are integral to modern radiotherapy. New radiotherapy technologies require new consensus guidelines on quality and safety. Established analysis strategies, such as the failure modes and effects analysis (FMEA) and incident learning systems have been developed as tools to assess the safety of several types of radiation therapies. An extensive literature documents the widespread application of risk analysis methods to photon radiation therapy. Relatively little attention has been paid to performing risk analyses of nascent radiation therapy systems to treat moving tumors with scanned heavy ion beams. The purpose of this study was to apply a comprehensive safety analysis strategy to a motion-synchronized dose delivery system (M-DDS) for ion therapy.



Methods

We applied a risk analysis method to new treatment planning and treatment delivery processes with scanned heavy ion beams. The processes utilize a prototype, modular dose delivery system, currently undergoing preclinical testing, that provides new capabilities for treating moving anatomy. Each step in the treatment process was listed in a process map, potential errors for each step were identified and scored using the risk probability number in an FMEA, and the possible causes of each error were described in a fault tree analysis. Solutions were identified to mitigate the risk of these errors, including permanent corrective actions, periodic quality assurance (QA) tests, and patient specific QA (PSQA) tests. Each solution was tested experimentally.



Results

The analysis revealed 58 potential errors that could compromise beam delivery quality or safety. Each of the 14 binary (pass-or-fail) tests passed. Each of the nine QA and four PSQA tests were within anticipated clinical specifications. The modular M-DDS was modified accordingly, and was found to function at two centers.



Conclusion

We have applied a comprehensive risk analysis strategy to the M-DDS and shown that it is a clinically viable motion mitigation strategy. The described strategy can be utilized at any ion therapy center that operates with the modular M-DDS. The approach can also be adapted for use at other facilities and can be combined with existing safety analysis systems.
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Introduction

Quality, safety, and radioprotection are integral parts of radiotherapy facilities (1). Radioprotection and area monitoring systems are designed to protect staff under the principles of justification, optimization and limitation (2). During regular operation, the critical safety operations of each accelerator are regulated by the main treatment control room and, for redundancy, by independent safety interlock systems (3). Medical systems used for radiotherapy, including accelerators, treatment control systems, and safety systems, typically take into account safety considerations during the design, construction, preclinical, and clinical phases. In addition, safety is considered in regulatory processes, e.g., in the USA, the 510k premarket clearance by the Food and Drug Administration (FDA) (21 C.F.R. § 807.81–807.97). Once in clinical use, exhaustive safety, and quality assurance testing must be periodically performed. Quality management has been an integral part of modern radiotherapy and is essential for safe and effective treatments. Organizations such as the American Association of Physicists in Medicine (AAPM), American College of Radiology (ACR), the American Society for Radiation Oncology (ASTRO), the International Atomic Energy Agency (IAEA), and the European Society for Radiology and Oncology (4) have established safety standards and guidelines (5). Radiotherapy device manufacturers and therapy centers typically agree upon test procedures as part of the acceptance testing process and guidelines are published for verifying the performance and safety of radiotherapy equipment during commissioning and periodic quality assurance testing (6–10). Beam commissioning and QA standards have been established for proton beams in the AAPM Task Group 224 report (11) and are being established for ion beam therapies through the PAR-13-371 National Cancer Institute (NCI) grant (12). As the complexity of modern treatment planning and delivery technologies, such as scanned ion beam therapy, has increased, additional consideration of safety is necessary. There is typically a lag between implementing modern therapies into the clinic and developing consensus safety guidelines for these therapies. The AAPM’s Task Group 100 (TG-100) wrote a report (13) on an analysis methodology that aims to reduce this lag. The report is a framework to prospectively assess all aspects of workflow for possible critical safety errors in existing and new therapy methods (13, 14).

Broadly, the methods of safety analysis and risk mitigation are mature, rich, and generally applicable. Several major analysis strategies have been applied to clinical radiotherapy. For example, the AAPM and the Joint Commission on Accreditation of Healthcare Organizations (JCAHO) recommended the failure modes and effects analysis (FMEA), adapted from aviation safety to radiotherapy, as a general guidance for performing safety analyses (15). Additionally, guidelines have been developed by groups such as the “Accidental and unintended exposures in radiotherapy” (ACCIRAD) project of the European Commission (EC), the Radiation Oncology Incident Learning System (RO-ILS; ASTRO, Arlington, VA), which are based on pooled data on reported adverse events (16, 17). Many photon therapy clinics have adopted these methods (18, 19), while others have developed their own variations (20). However, knowledge of the safety of emerging radiation therapy technologies is inherently incomplete. Furthermore, emerging technologies have been identified as a common source of delivery errors (21). It is not yet clear how best to address the safety of emerging technologies, particularly for systems that treat moving tumors. It has been suggested that developing and simultaneously performing quality assurance during clinical trials of emerging technologies decreases safety errors (22). Prospective analyses, such as FMEA, could be a useful tool for emerging technologies (23), including conformal ion therapy for treating moving tumors (24). Though several motion handling strategies with ion beams exist (25–28), few of these motion handling strategies are integrated into their beam delivery systems (29). Relatively less is known about the safety risks of a modular motion-synchronized dose delivery system (M-DDS) for ion beam therapy (30), and no comprehensive assessment of the safety of a dose delivery system with integrated motion compensation has been reported in the scientific literature.

The purpose of this study was to apply an established method to analyze safety risks from a novel, modular, motion-synchronized dose delivery system for scanned ion beams. The system is in the late stages of preclinical development and testing. Here, we focused on the beam delivery process, identified motion-related errors, and implemented corresponding solutions. The performance of the M-DDS has been previously described by Lis et al. (2020). We developed and performed sample commissioning-style tests and quality assurance (QA) tests. These results provide information for subsequent clinical safety assessments of a novel, modular motion-synchronized dose delivery system in development.



Materials and Methods

This work describes a safety assessment of a dose delivery system (DDS) that is undergoing pre-clinical testing at two ion therapy centers. The M-DDS is an extended version of a clinical products used at the National Center for Oncological Hadrontherapy (CNAO) and MedAustron that have undergone full safety certification. The two most important extensions to the DDS were to make it portable and to allow for motion mitigation by synchronizing beam delivery to anatomical motion. The performance of the prototype motion-mitigation DDS was previously demonstrated, including preliminary tests such as the delivery of conformal, motion-synchronized beams (30). These results focused on proof of concept and the preliminary characterization of performance, but not safety. However, failures in the functionality of the M-DDS components could theoretically compromise patient safety. To minimize this risk, safety was integrated into each stage of development, in an effort to maintain the existing safety system for reintegration of the M-DDS into CNAO.

The assessment strategy described in this work applies an established methodology from AAPM Task Group 100 (13). This strategy is a prospective risk analysis method that has been widely used in the medical and other industries. With this strategy, we first defined each step of the treatment process, in detail, with a process map. We then identified possible errors that could occur at each step and quantified the effect on patient treatment with an FMEA. Finally, we identified the causes of errors with a fault tree analysis (FTA). After determining the potential safety risks, we developed and tested solutions for these errors (13).

The prospective risk analysis was performed on a DDS, with integrated capabilities for target motion compensation (30). For convenience, the general characteristics of the M-DDS are summarized here. The DDS was adapted from the DDS found at CNAO to function with the therapy research line (Cave M) at GSI Helmholtz Center for Heavy Ion Research (GSI). The DDS is composed of commercial field programmable gate arrays (FPGAs) (PXIe-1085; National Instruments, Austin, TX), which control each beam delivery component, including the scanning magnets, beam monitoring detectors, timing system, and interlock system. The DDS has been modified to synchronize the delivery of 4D-optimized plan libraries (24, 31) to detected target motion.

Motion mitigation features are integrated into the M-DDS. The first step of motion synchronized dose delivery is creating 4D treatment plan libraries from 4DCTs, where each plan in the library contains delivery information for a motion phase within the 4DCT. During beam delivery, a motion-monitoring device continuously monitors the tumor position, from which the M-DDS determines the current motion phase (32, 33). The delivery progresses in sequence until the tumor position has entered into another motion phase and delivery is redirected to the plan from the plan library that corresponds to the detected motion phase. Further information on the M-DDS is described by Lis et al. (30).

Good manufacturing practices were followed through the development of the M-DDS. Critical processes in the M-DDS were maintained from the clinical M-DDS design and all changes were evaluated experimentally in the clinical environment. The implemented software design choices were based on the existing software structure, so most uncovered sources of error were found to be related to unclear workflow and limitations to memory or signal speed. All changes and additions were documented. In the following sections, we describe a safety assessment strategy for the M-DDS. Additionally, we provide example safety and quality assurance tests for the M-DDS.


Process Steps

The first step of the prospective risk analysis was to identify the sub-processes that occur through the course of treatment with a process map. A process map is a visual representation of a process that demonstrates the flow of each step from start to end. We divided the process of treating a patient with scanned ion beams into 10 main stages, based on the guidelines proposed by the World Health Organization (34). In this study, we focused on six of these stages—planning, simulation, patient setup, treatment delivery, treatment verification, and monitoring—as these were the most relevant to treating moving targets. For each of these stages, we identified the sub-processes that occur at an ion beam therapy center (21), such as delivery of an iso-energy slice (IES) during the course of treatment. We then amended each stage to include any additional sub-processes when delivering motion-synchronized ion beams with the M-DDS, such as redirecting the plan delivery to compensate for detected motion. Modes of failure were then identified for each of these sub-processes.



Failure Modes and Effects Analysis

The FMEA assesses the likelihood and impact of failures from each step of a process. An FMEA was applied to each of the identified process steps and potential modes of failure at each step were described. Each of the failures were assigned a rank value on a numerical scale of 1 to 10 for each of three safety indices: the severity index (S) is the extent of harm of the failure on the patient, the occurrence index (O) is the likelihood that a cause will result in a failure, and the detection index (D) is the likelihood that a failure will not be detected. All three of these indices are estimated under the assumption that there was no safety check in place for that failure. The corresponding definitions for the rankings of each of these values are summarized in Table 1. This data has been adapted from the TG-100 (13). The failures were then ranked by calculating the risk priority numbers (RPN), which is the product of these three indices (RPN = S × O × D). RPN values of above 125 were considered high risk, and any S score above 5 was also considered high risk. One example error is the gradual drift of the scanning magnet throughout the course of delivering an IES. This could potentially cause limited toxicities or overdose, as the drift may be on the scale of a few mm, and would potentially occur for every delivery in the absence of position feedback. Such an error would be difficult to detect without monitoring. The resulting RPN would then be 6 × 10 × 7 = 420. Selected FMEA indices were agreed on by a consensus group of experts, including the authors on this work.


Table 1 | Numerical scale used to assign rank values to Severity Index, Occurrence Index, and Detectability Index for each failure.





Fault Tree Analysis

Causes of each identified failure were mapped out with a fault tree analysis (FTA). The FTA allows for visualizing potential points to perform quality management procedures and to minimize the propagation of errors (35). Each failure mode was traced back to its potential causes using a logic tree. Possible failure modes include user errors, such as selecting the wrong delivery setting or incorrect patient setup, software errors, equipment failures, and patient non-compliance. For the example of an error in delivery of an IES, the cause could be traced back to a faulty position feedback from the beamline monitors to correct the scanning magnet power supplies. Other causes of the error could also be postulated, including slow scan speeds and incorrect magnet calibration. Once causes for each failure were identified, methods to eliminate the cause or to detect the possibility of each failure were developed.



Solutions and Tests

After identifying the potential solutions for the safety risks, appropriate solutions were implemented and error-handling tests were designed and performed. Solutions for failure modes can be classified into several categories: permanent corrective actions, error states and interlocks, commissioning and quality assurance tests, and plan verifications. Permanent corrective actions are changes in the workflow of the planning or delivery software or user protocols in order to eliminate the possibility of that failure mode occurring. This can include implementing redundancies, such as redundant devices and communication protocols. Pass-fail tests were performed by simulating error states and checking that the delivery system entered an error state or triggered an interlock. Commissioning and QA tests are tests that verify that the system consistently works according to manufacturer specifications and within acceptable fault tolerances. Plan verification tests verify the accuracy of patient plans. For example, scan magnet position errors can be prevented in several redundant ways. Two position-monitoring chambers are used during delivery to monitor the accurate delivery of beam spots within an IES. Additionally, interlocks are in place in the case of failure of one of the monitoring or scanning magnets. Finally, daily QA is performed to confirm the functionality of the entire delivery system. Whenever possible, permanent corrective actions were implemented.


Description of Error Handling Tests

Error handling tests were created for each of the failures identified in the FTA. Pass-fail test cases were written for each of these failures. Corresponding software tests were then created that inject error scenarios into the delivery process to confirm that the DDS can respond to the respective error. In the case that an error-handling test failed, the underlying delivery software was modified to prevent the error from occurring. In other cases, an interlock was also implemented to trigger the interruption or termination of treatment in the presence of a motion synchronization error. The implemented interlocks were also tested by injecting error scenarios into the delivery process.



Daily, Weekly, and Annual QA

The performance of the accelerator and beam delivery components was characterized through a series of quality assurance measurements. While existing QA protocols (11) will confirm the functionality of most aspects of motion-synchronized dose delivery, additional tests must still be performed to ensure the performance of additional features, including the motion monitoring system and 4D plan library. QA tests were designed that prioritized a simple set up, are multi-purpose, are fast and use well-characterized phantoms. A QA concept was designed to test the safety and reproducibility of motion-deliveries. Where possible, the current clinical protocols at ion therapy centers, such as those used at CNAO (36) were extended to include motion scenarios. Each test was verified experimentally in a clinical setting at CNAO.

Daily QA tests were designed and performed for measuring field uniformity, beam spot positions, and beam reproducibility. Setups with water-equivalent plastics (RW3 slab phantom; PTW, Freiburg, Germany) and radiochromic films (EBT3 Gafchromic; International Specialty Products, Wayne, NJ) were selected, as their assembly time is fast and they are both well-characterized systems. The daily QA procedures found at CNAO were modified and applied to test the delivery quality of motion compensation with the M-DDS. This allowed faster delivery that was not dependent on additional custom-made software for analysis. The daily QA setup, a radiochromic film, mounted behind 2 cm of water-equivalent plastic, was mounted on top of a linear stage with programmable motion patterns (M-414.2PD; Physik Instrumente GmbH, Karlsruhe, Germany). Motion amplitudes, detected from an optical laser distance sensor (OD100 − 35P840; SICK, Waldkirch, Germany), were converted into motion states (30). For each test, the clinical (non-moving) procedure was performed first, followed by the motion-compensation variant. For these beam deliveries, the linear stage moved with 20 mm amplitude sinusoidal or Lujan2 motion (37–40) while delivering a uniform square profile with eight surrounding spots. The purpose of each test and the measurement criteria are summarized in Table 2.


Table 2 | Description of the purpose and pass criteria for each quality assurance test.



All films were calibrated in a series of steps. Before the QA tests, standard dosimetry was performed (44), and calibration films, composed of eight squares with fluences from 2 × 105 to 4 × 107 particles/mm, were acquired for each batch of films. The calibration plan was delivered with 280 MeV/u carbon ions to films placed behind 2 cm of water-equivalent plastic. After delivery, the QA films were scanned with a laser film scanner (VIDAR DosimetryPRO Advantage Red; VIDAR System Corporation, Herndon, VA, USA) in landscape orientation, using 16 bit sampling and a 300 dpi resolution. A batch-specific optical density correction was applied to each film by subtracting out the optical density of an unirradiated area of the film, using an image analysis software (ImageJ version 1.52a; National Institute of Health, Bethesda, MD). The calibration films were used to apply a calibration curve, converting optical density to particle intensities. Each film was cropped, aligned, and corrected for linear energy transfer (LET) quenching effects (43), by applying a relative efficiency (RE) correction curve as follows:

	

where D280MeV/u(netOD) is the 280 MeV/u carbon ion dose needed to produce the measured, corrected optical density, and Dabs is the actual dose delivered with carbon ions to the film. After, calibration, the films were analyzed.

The uniformity was assessed through the homogeneity index (HI), which is defined as

	

where Dmax and Dmin are the maximum and minimum measured absorbed dose, respectively, and Dp is the prescribed dose. The HI was measured in the center 70% of the target volume. HI values above 90% were considered clinically acceptable. Additionally, the beam spot position accuracy was assessed by measuring the relative distance between each pair of beam spots in 2D profiles of the films. The beam spot shape and distortion was measured by determining the FWHM in the horizontal and vertical directions. Beam reproducibility tests were performed by comparing the delivery results across several weeks with a coefficient of variation (45). Finally, the increases to QA delivery time were assessed by measuring the setup and delivery time for each test and estimating the increased time for QA, when performing motion-specific testing alongside the currently performed QA tests in each treatment room.

Equipment quality control (QC) is generally also performed daily to verify the functionality and accuracy of treatment equipment. To verify the performance accuracy of the motion-monitoring equipment (a linear stage and an optical distance (OD) laser) the linear stage was programmed to move in an increasing stepwise motion pattern. The measured OD laser signal was compared to the motion files for the linear stage.

Annual QA is a series of extensive tests to measure machine performance. Annual QA tests were performed to measure dose distributions with a 3D homogenous setup and a 3D inhomogeneous setup. First, 4DCTs of an heterogenous phantom (CIRS 062 electron density phantom; CIRS, Norfolk, VA, USA) and a water tank (MP3-P; PTW, Freiburg, Germany) were acquired. 60 × 60 × 60 mm3 cubes were delivered to 12 small-sized ionization chambers (PinPoint 3D ion chamber model T31015; PTW, Freiburg, Germany) in a water tank for both setups. For the 3D inhomogeneous setup, density compensation measurements were performed by the heterogeneous phantom mounted in front of the water tank. Both deliveries were performed without motion, and with motion compensation. Standard deviations for measured doses of < 5% were considered acceptable.



Patient Plan Verification

Plan verification, or patient specific quality assurance (PSQA), is performed to assure the accuracy of a treatment plan. Treatment planning and treatment delivery errors, unique to the motion mitigation system, can be discovered through PSQA testing. Errors may include selecting the wrong motion trajectories during planning or delivery, or planning with an unintended motion compensation strategy. If not detected, these errors could lead to severe dose degradations. Several plan verification methods were chosen to test the extent to which planning and delivery errors related to mitigating for respiratory motion can be detected. The chosen PSQA tests included patient verification protocols that are used in ion therapy clinics, including 1) 3D dose measurements with small-sized ICs, 2) repeat 2D measurements at three depths with a 2D ionization chamber array detector (Octavius 1500 XDR; PTW, Freiburg, Germany), and 3) log file analysis. Additionally, 3D dose measurements were also performed with 4) a stack of radiochromic films (46). These measurements were analyzed with standard deviation calculations, gamma index analysis, and through the evaluation of dose volume histogram (DVH) metrics, respectively. To perform these measurements, the detector or film was placed into its respective holder, and the holder was mounted onto a linear stage. 4D-optimized patient plan libraries were delivered to each detector setup. The linear stage was programmed to move with trajectories derived from the patient 4DCTs. Other aspects of PSQA were also considered when designing each setup, including favoring simpler phantom setup processes and higher resolution of the recorded data.

3D dose measurements were performed by delivering patient plans to 12 small-sized ICs. These ICs were selected, as they are used in several clinical ion facilities for patient verification (47–49). The ICs were inserted into a custom removable holder, connected to a linear stage that generated the motion of the ICs (Figure 1). The linear stage was mounted on top of a water tank, similar to the commercially used water tank phantoms, and the water tank was filled with water. Each patient plan was delivered to this phantom, with the linear stage moving with the patient’s breathing pattern. Each IC recorded a dose measurement and standard deviations were calculated from these doses. The chosen prescription dose was 6 Gy per fraction. Standard deviations of < 5% are typically considered acceptable.




Figure 1 | Experimental setup for patient-specific quality assurance (PSQA) measurements with (A) a water tank and (B) a linear stage mounted on top. The linear stage is programmed to move a variety of attachments in periodic, respiratory-like motion patterns. Here, (C) a holder with (D) 12 small-sized ionization chambers (IC) inserted inside is attached. This IC holder aligns with the isocenter markings on the water tank phantom, which is filled with water.



2D dose measurements were performed by delivering the patient plan to a 2D ionization chamber array detector at three tumor depths. The chosen depths corresponded to the proximal end, middle, and distal end of the tumor depth. The appropriate thickness of water equivalent plastic (RW3; LAP GmbH, Lüneburg, Germany) was placed in front of the detector for each case (Figure 2). This setup was mounted on the linear stage to generate patient motion and a patient plan was delivered to the detector with and without motion. The delivery results were compared to the planned doses for each depth with the gamma index analysis (42), where a criterion of 3%/3 mm was used, with a dose threshold of 5% of the prescription dose. Pass rates of >90% for measurements made at all three depths were considered passing.




Figure 2 | Schematic of the ionization chambers (IC) detector array setup. The IC array detector is placed inside of a 5 mm polymethylmethacrylate (PMMA) holder, mounted onto a linear stage. Water-equivalent plastic of thickness “d,” corresponding to the distal, middle or proximal depths of a target, are then placed in front of the detector.



3D measurements with a stack of films were made to acquire higher resolution dose distributions. Seven 5” × 4” radiochromic films were slotted into an in-house built film holder phantom. The phantom was composed of a stack of 15 × 13 × 1 cm3 polymethyl methacrylate (PMMA) plastic slabs, with slits for the films, as seen in the technical drawing in Figure 3. This setup was mounted on top of the linear stage, which generated periodic motion. Each film was numbered and labeled at the top right corner before delivery. Each patient plan was delivered to the film stacks, in the presence and absence of motion. After delivery, the films were processed as described in section above. Each film was then analyzed with the gamma index analysis. The average gamma index pass rates for each film stack were evaluated using an in-house developed research software for data analysis, ArrayParser, where each film was compared to the respective treatment plan at the appropriate tumor depth. Gamma index pass rates of above 90% were considered clinically acceptable.




Figure 3 | Schematic of the film stack. The film stack contains up to nine slabs of polymethylmethacrylate (PMMA) with precisely machined slots for holding radiochromic films (5” × 4”) as well as several slabs of additional PMMA to vary the delivery depth. The phantom measures 15 × 13 × 9 cm3 when nine slabs are in place. The slabs are aligned and held together by plastic screws at each corner of the phantom. The lateral cutouts (blue circle) are used for easy access of the irradiated films (yellow) without the need to disassemble the film stack phantom.



Log file analysis has been used to decrease PSQA measurement time. The patient plan was delivered to the IC array detector and log files from the scanner magnets and nozzle detectors were used to reconstruct the delivered doses on the planning 4DCT, using TRiP4D (30). The motion signal from the linear stage was used directing plan delivery during motion-compensation. However, a simulated motion signal could also be used for these measurements. The dose reconstructions were then compared with planned dose distributions using the gamma index analysis to a criterion of 3%/3 mm, where > 90% pass rates were considered acceptable.





Results


Process Map

A process map was created to map out the sub-processes of patient treatment at a typical ion therapy center. The processes for moving tumors are presented in Figure 4. This map consists of five main workflow steps, starting with patient imaging through the last fraction of treatment delivery. Patient-specific verification procedures were included as well. Several of these steps were critical to patient errors.




Figure 4 | Process map for motion-synchronized dose delivery as commonly found in ion therapy clinics. The treatment process is broken down into five categories: imaging, treatment planning, plan verification, initial treatment fraction, and subsequent treatments. Each step in these processes is described.





Failure Modes and Effects Analysis

A systematic evaluation of the process map identified 58 failures. A subset of these failures is shown in Table 3, including the highest ranked failures during treatment delivery. Values for S, O, and D indices were estimated based on the metrics from


Table 3 | Summary of failure modes and effects analysis (FMEA) results for potential errors during patient therapy with motion-synchronized ion beams using a DDS with integrated motion compensation controls. Risk priority numbers (RPNs) of over 125 were considered high risk.



Table 1 and were used as a guide to determine the highest risks for conformal, motion-synchronized therapy. All failures with an RPN of 125 or greater and all failures with a severity > 5 were considered in this study. In total, 41% of failures were identified to be low risk (RPN = 1–75), 33% were found to be medium risk (RPN = 76–125) and 26% were found to be high risk (RPN > 125). The highest ranked failures, with an RPN score of 294 were caused by delivery errors due to patient movement and absolute changes to breathing position. Potential failures that are common to both static site and moving site treatments were not included in the analysis, such as miscommunications between physicians and technicians and certain treatment planning errors.



Fault Tree Analysis

Fault tree analysis was performed to identify sources for the potential errors identified in the FMEA. Solutions for each error in the FMEA were identified, implemented, and tested. A sample fault tree can be seen in Figure 5 for the case of gating magnet failure. Identified causes of error included human error, such as setting the treatment to the wrong delivery mode, machine errors, such as noise on the motion signal, and treatment errors, such as changes to the breathing patterns between image acquisition and treatment. Proposed solutions for these errors varied for each error type, and included disabling the option for gating when a 4D plan library is loaded, implementing a noise reduction filter on the motion signal, and using a monitoring method that compares planned to measured motion and gates delivery when out of range. Following implementation, the solutions to the identified errors were tested.




Figure 5 | A fault tree analysis for the case of gating failures during motion-synchronized dose deliveries.





Safety Testing

Solutions were implemented to prevent the identified errors from occurring and each solution was tested. The implemented permanent corrective actions included noise filtering to smoothen the respiratory signal, automatic extraction and setting of the number of motion phases from the treatment plan library, and implementing a checkpoint to prevent the beginning of delivery until the motion-monitoring system is calibrated and sending a motion phase. Many errors were identified to be due to mistakes made by the user. Some examples include setting up the motion-monitoring system in an orientation other than what was used during planning image acquisition, and not accounting for changes to the tumor position, relative to isocenter (50). In these cases, the proposed solutions included performing a second check by another clinician or reimaging the patient periodically. Additionally, using a checklist to check the patient setup before treatment could reduce the incidence of user errors.


Pass Fail Tests

A series of error handling tests were created to test each of the implemented solutions. These tests included pass-fail tests, where the expected results included either triggering a temporary interlock, aborting treatment, or entering the “setup error” state. The summary of pass-fail test results is listed in Table 4.


Table 4 | Summary of pass-fail tests and results.





Daily, Monthly, Annual QA

QA tests were proposed for identifying errors in the functionality of the motion-synchronized delivery components. These tests are summarized in Table 2. QA setups were chosen that are available or are similar to those found in ion therapy centers. Delivered profiles were analyzed for uniformity, agreement with the treatment plan, and for beam reproducibility, the uniformity index, and gamma index analysis were chosen as analysis metrics.

Delivery uniformity with motion-compensation was determined by assessing a square profile for a single energy of 240 MeV/u, delivered with motion-compensation, to a radiochromic film. HI for the static and 10 phase compensation deliveries were 95.3 and 94.8%, respectively. The spot position accuracy was found to be within ± 0.5 mm from the expected position. The beam spot shape was determined through a measurement of the FWHM in the X- and Y-directions, where the X-direction was the direction of motion. For static deliveries, this was found to be 3.9 and 3.4 mm, respectively, and for the 10 phase deliveries, this was found to be 4.7 and 3.3 mm, respectively. The observed broadening of the beam in motion direction is an indication of the residual motion both within and between the motion phases, and spot size increases of up to ± 0.5 mm were tolerated.

The increased time to perform both static and motion compensation QA tests was measured and compared to static QA alone. For the current clinical QA procedures, setup and irradiation time was found to be 5 and 3 min, respectively, and for the motion compensation QA, the setup, and irradiation time was found to be 5 and 10 min, respectively. The estimated increase in QA-personnel time for a facility with three treatment rooms is 3 × 7 = 21 min, based on current QA methods and experience.

Annual QA tests included measuring 3D uniformity in a homogeneous and heterogeneous phantom. The static cube delivery measured a homogeneity of ± 1.2% and the motion compensated delivery measured a homogeneity of ± 3.5%. The static cube delivery of 10 Gy, through the heterogeneous phantom, measured a homogeneity of ± 2.1% and the motion compensated delivery measured a homogeneity of ± 2.3%.

The basic functions and accuracy of the motion-monitoring equipment were also determined. The measured motion was within ± 0.5 mm for all steps within the measurement range of −30 to 20 mm, as seen in Figure 6A. The agreement between the programmed linear stage positions and measured positions from the distance sensor are seen in Figure 6B, where the linear relationship indicates a high degree of measurement accuracy.




Figure 6 | (A) Correlation of motion position to the measured signal of the motion-monitoring device (an optical distance laser sensor) for a step-wise motion pattern. The motion positions, in mm, (red) are uploaded onto the linear stage as a motion file and used to move the linear stage. The motion-monitoring device then records the relative displacement (blue) as an analog signal. The left and right portions of the motion signal show where the motion-monitoring device is out of signal range. (B) A plot of position accuracy between the optical distance laser signal (in arbitrary units) and the linear stage position (in mm).





Patient Specific QA Results

Patient plan verification tests were performed to compare the measured accuracy of the delivered 4D plan libraries. Patient verification deliveries were found to be within clinical requirements; however, the measurement resolution varied for each approach. Results are summarized in Table 5. The small-sized IC measurements were found to be within ± 2.4 and ± 8.9% of the prescription dose for static deliveries and 10 phase motion compensation deliveries, respectively, where ± 5% is ideal, but due to residual motion, ± 10% was considered acceptable at this stage; however, higher precision may be necessary before clinical use. The measurements at three depths, with an ionization chamber array detector were assessed using the gamma index analysis. Pass rates (Pearson correlation score) for the static delivery were found to be 84.1% (0.9883), 100.0% (0.9947), and 99.4% (0.9983), for distal, middle, and proximal profiles, respectively. As only the distal measurement did not meet the pass criteria, log file analysis was performed to verify delivery quality. Pass rates (Pearson correlation score) for the motion-compensated delivery were found to be 91.6% (0.9901), 98.6% (0.9954), 90.9% (0.9971) for distal, middle and proximal profiles, respectively. The average gamma index pass rates for the film stacks were 92.4%, and 90.4% for conventional 4D optimized and robust 4D optimized deliveries, respectively. The average pass rate for the static delivery was 92.2%. The homogeneity for robustly optimized and conventionally optimized 10 phase motion compensated deliveries was 90.6% and 92.4%, respectively. Delivered dose data (DDD) log files were reconstructed and compared to planning simulations. The gamma pass rates were found to be 99.4 and 96.0% for static and motion-compensated deliveries, respectively. The measured motion signals were used to reconstruct the delivered beam spot position. The comparability of the data for each setup was limited by the lack of direct correlation between analysis methods (51). The small-sized IC and film stack phantoms were found to have a relatively fast setup and execution. Due to the limited number of detectors, small-sized IC measurements provided less information in cases where results were nearly passing. In those cases, DDD dose reconstructions were necessary to determine the dose distributions. 2D dose measurements with the IC array detector took multiple times longer to deliver than the film stack and small-sized IC measurements, due to the multiple measurements at varying depths.


Table 5 | Summary of patient specific quality assurance results for four measurements.



Each PSQA method was also assessed for the ability to detect motion-specific planning and setup errors. Errors in positioning and orientation of the motion-monitoring system were visible for all PSQA methods, but were least apparent in the film stack deliveries. Selection of the wrong number of motion phases were only visible in log file reconstruction and films, but had little impact on the delivery results. Delivering a few beam spots to the wrong positions, not delivering a few beam spots and using the wrong motion file during planning were both only visible in the log file reconstructions, but there were no measurable changes to the treatment delivery quality. Finally, selecting the incorrect motion compensation strategy was visible on film stack images and IC detector array measurements but was not immediately clear without log file reconstructions. Log file reconstructions were quicker than other methods, due to requiring no phantom setup time. Likewise, log file analysis, and to some extent, film analysis, did not require precise positioning. IC array detector measurements took nearly three times as long as small-sized IC measurements, but provided a higher number of measurement points. In both cases, measurement analysis programs are available to assess plan accuracy. Films require additional time for digitizing and show a non-linear dose response. Calibrating the dose response of a film requires considerable effort before it can be used for QA measurements.





Discussion

We have designed and tested a prospective risk analysis strategy for the motion-synchronized dose delivery system, developed for scanned ion beam therapy of moving targets. We created this strategy specifically to assess the safety of the motion mitigation portion of the DDS for its eventual use in the clinic. Additionally, we have implemented and tested solutions for possible errors related to motion mitigation. The major finding of this study is that we have identified the sources of and solutions to major errors with a comprehensive risk assessment strategy. We also obtained pre-clinical test results that suggest the clinical reliability in motion-synchronized dose delivery. The results of this study have determined that the proposed safety assessment tests can be utilized at ion therapy centers, which operate with the modular M-DDS.

The implication of this study is that the described comprehensive risk analysis strategy and proposed tests can serve as an example during initial safety, commissioning, and QA tests leading to implementation of the M-DDS into clinical use. This assessment is part of a larger effort to confirm and maintain the clinical safety of the M-DDS from the design stage through clinical implementation. The M-DDS has been implemented following good manufacturing practices, including testing at several stages and maintaining extensive documentation. The described preliminary safety tests suggest that the M-DDS is safe, reliable, and ready for additional tests, leading to eventually treating patients. Further, the proposed error tests and QA tests could be performed within clinically reasonable timeframes. The safety tests are not the final solution for commissioning and QA procedures within the clinic, but rather are an example of a general safety strategy for the M-DDS, which can be modified and extended to meet the specific needs of a particular clinic. Full acceptance testing and commissioning will be performed before re-implementing the modified DDS into the clinic.

This is the first implementation of a comprehensive, prospective safety assessment for pre-clinical testing of a motion-synchronized dose delivery system. The results of this study are coherent with the recommendations found in the TG-100 and other AAPM reports (2, 6, 11, 13, 52). All plan verification and QA tests were within clinical specifications. Log file analysis provided the additional benefit of recognizing individual beam spot errors and indicating other errors during treatment preparation that could otherwise be unnoticed and should be performed alone or along with regular plan verification.

Several studies have applied the safety assessment protocols presented in TG-100 to ion therapy (21, 53). To our knowledge, no studies have been performed to apply this approach to new technologies in ion therapy, including motion mitigation systems. Additionally, several studies have assessed the practicality of QA procedures. One study, by Hara et al. (54), describes a plan verification procedure for moving tumors. This strategy involves delivering patient plans to a 2D IC at three depths, and performing gamma analysis on each measurement. This study also concluded that this procedure is a beneficial QA procedure for moving tumors. Another study (55) described the process of plan verification with small-sized IC deliveries. The procedure and phantoms were modified in our study for motion compensation. Further, Matter et al. (56) investigated the capabilities of various plan verification procedures to ensure the integrity of treatment plans under a variety of planning errors. Of the measured errors, two cases were relevant considerations for motion-synchronized deliveries with the M-DDS: the “all spots shifted randomly” case, and the “increase in spot weights” case. In particular, residual motion within a motion phase can be as high as 1-2 mm, and is accounted for in planning margins. In contrast, small increases in spot weights may be possible when the beam is frequently gated or when there are frequent jumps in the scan position due to non-optimally created plans can result in non-trivial increases to the integral dose. As such, we conclude that log file analysis could provide a supplement to plan verification measurements. This study did not consider failures associated with using real-time imaging to monitor target motion. This is a vital part of motion-mitigation and will be investigated in future studies. Though a variety of imaging techniques and motion monitoring devices can be integrated with the M-DDS, additional risk analysis must be performed to identify and mitigate for failures associated with these devices.

Our study has several strengths. One is that this method is based on established methods (e.g., FMEA, FTA) that have been applied in clinics worldwide. It can be extended to any modular device with integrated motion mitigation strategies. Yet, it allows for identifying errors that may specifically occur when using motion synchronized delivery devices. Further, the strategy uses the official risk assessment proposed by the AAPM, can be applied to any motion-synchronized dose delivery implementation, and to any clinic that integrates the described M-DDS to their treatment systems. This strategy is a well-developed, well-known, and comprehensive risk analysis strategy. Though clinic-specific modifications will need to be made, the described approach can provide insight into potential complications, which could arise with the M-DDS. Finally, the presented quality assurance tests were designed with phantoms that are regularly found in proton and ion therapy clinics. These tests were performed at an ion therapy center (CNAO) under clinical conditions, with interlocks in place. QA and most PSQA tests were also performed at CNAO and GSI, except the film stack analysis, which was only performed at GSI.

One limitation of this study is that all safety procedures were tested with a predefined, 1D movement, generated by a motion-phantom. The motion patterns were well known and in complete agreement between the measured and actual motion. This is not a major limitation, as the delivery results with irregular motion will be characterized in future studies. Another limitation of this study is that no high-precision 3D dose distributions could be measured. 3D gels could potentially provide nearly instantaneous 3D dose distribution information. Gels produced by Maryanski et al. (57), which are readout with optical CT have recently been developed for 3D dosimetry of carbon ions. However, this strategy is still in the early stages of testing and has only been optimized for high doses for carbon ions. Another dosimeter for high precision 3D dose measurements would be measurements with a 2D IC array detector in a water tank phantom (58, 59). Though this strategy automatically provides high-resolution 3D dose information, this strategy requires delivering prohibitively long times for patient specific QA and assumes no phase dependence for motion-compensated deliveries; therefore, this method is better suited for beam commissioning. Another limitation of this study is that no independent dose calculations, such as Monte Carlo (MC) based dose calculations, were performed. However, this is not a major limitation, as MC dose calculations are typically time consuming; therefore, they are currently mainly performed to verify dose distributions when patient QA measurements do not pass. Additionally, the proposed patient verification methods are example solutions, and each clinic should select their appropriate plan verification method. Finally, MC performed at CNAO showed that MC simulations are sensitive to input conditions and simplifications to the MC models (60). Nevertheless, MC verification of patient plans has been growing in popularity and can serve as a powerful tool for independent dose calculation on well-characterized data sets.

The M-DDS is substantially complete and the current version has been transferred back to CNAO for use in the research room there. Additional features are still in development that aim to handle irregular respiratory scenarios and other complications related to respiration; these will be completed before the M-DDS is implemented for clinical use. Additionally, interoperability with other centers and full compatibility to DICOM and I-HERO standards will be implemented, along with any necessary regulatory approvals for human use, followed by a full clinical commissioning. Before clinical use, the plan library structure must also be implemented into commercial treatment planning systems.



Conclusion

We have applied a comprehensive safety assessment strategy for the motion-synchronized portion of the dose delivery system. This work has shown that M-DDS is a clinically viable motion compensation strategy. The efficacy of possible QA procedures for motion-synchronized deliveries have been confirmed. Importantly, this strategy is specific to the motion-synchronized dose delivery system, but not to a specific clinic. Therefore, the presented methods can be adapted to other facilities using the M-DDS.
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Mesenchymal stromal cells (MSCs) comprise a heterogeneous population of multipotent stromal cells that have gained attention for the treatment of irradiation-induced normal tissue toxicities due to their regenerative abilities. As the vast majority of studies focused on the effects of MSCs for photon irradiation-induced toxicities, little is known about the regenerative abilities of MSCs for particle irradiation-induced tissue damage or the effects of particle irradiation on the stem cell characteristics of MSCs themselves. MSC-based therapies may help treat particle irradiation-related tissue lesions in the context of cancer radiotherapy. As the number of clinical proton therapy centers is increasing, there is a need to decidedly investigate MSC-based treatments for particle irradiation-induced sequelae. Furthermore, therapies with MSCs or MSC-derived exosomes may also become a useful tool for manned space exploration or after radiation accidents and nuclear terrorism. However, such treatments require an in-depth knowledge about the effects of particle radiation on MSCs and the effects of MSCs on particle radiation-injured tissues. Here, the existing body of evidence regarding the particle radiobiology of MSCs as well as regarding MSC-based treatments for some typical particle irradiation-induced toxicities is presented and critically discussed.
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Introduction

Mesenchymal stromal cells (MSCs) were first isolated from the human bone marrow by Friedenstein and colleagues in the late 1960s (1, 2), but have since been described in various other tissue types such as adipose and glandular tissues, brain and umbilical cord (3–6) and many other organs. As MSCs are a heterogeneous population that can only be characterized by combining molecular and functional traits, the International Society for Cellular Therapy (ISCT) proposed minimal defining criteria for MSCs in order to enhance comparability between the various studies: MSCs are required to adhere to plastic surfaces, exhibit a pattern of positive and (absent) negative surface markers and possess the ability to differentiate along the adipogenic, osteogenic and chondrogenic lineages (7). Currently, MSC-based treatments hold approval for several indications including graft-versus-host disease, Crohn’s-related enterocutaneous fistular disease, bone regeneration, osteoarthritis and cartilage repair (8–11). MSCs possess several characteristics that make them an attractive cell type for cell-based treatments: MSCs can be conveniently isolated and expanded; they are immune-privileged cells, therefore not requiring immunosuppression prior to application, and exhibit the ability to migrate to damaged tissues (12–15). Meta-analyses with more than 1000 patients showed the general safety of MSC-based treatments and did not reveal any severe adverse effects (16). As MSCs also home to tissues damaged by ionizing radiation, these cells came into focus as potential treatments for radiation-induced toxicities, for instance, radiation mucositis, pulmonary fibrosis and enteritis (17–20).

In the context of treating radiation-induced tissue injuries, the MESRIX trial provided a major step towards the routine usage of MSCs in radiation oncology. This randomized, placebo-controlled, double-blinded phase I/II study evaluated for the first time the efficacy of an MSC application for radiotherapy-induced tissue damage (21): Autologous adipose tissue-derived MSCs were transplanted into the submandibular salivary glands of patients with severe radiotherapy-related xerostomia at three or more years after treatment. Upon MSC administration, salivary flow rates were found significantly increased compared to the placebo group, and consistently, xerostomia symptoms decreased in MSC-treated but not in placebo-treated patients. Based on these encouraging results, a follow-up trial (NCT03874572) aims to validate these findings also for allogenic MSCs.

So far, most in vitro and in vivo studies have focused on the impact of photon irradiation on MSCs, and little is known about the particle radiobiology of these multipotent cells, which is a crucial step towards the usage of MSC-based therapies for particle radiation-associated tissue damage, e.g. after particle radiotherapy or during manned deep space flight (22–24).



Material and Methods

The databases PubMed, Google Scholar and Web of Science were screened for studies investigating the impact of MSC-based treatments for particle irradiation-induced toxicities as well as the influence of particle irradiation on MSCs by using the search terms mesenchymal stem cells/mesenchymal stromal cells in combination with protons, proton radiotherapy, helium ions, alpha particles, carbon ions, carbon ion radiotherapy, oxygen ions, iron ions, heavy ions and heavy ion radiotherapy, respectively.



Application of MSCs for the Attenuation of Typical Toxicities After Particle Radiation


Particle Radiotherapy in Cancer Treatment

Currently, heavy ion radiotherapy most commonly employs 12C carbon ions for patient treatment. Clinical feasibility and benefits of carbon ion radiotherapy have been studied in various malignancies such as intracranial tumors, head-and-neck cancers, lung cancer, gastrointestinal malignancies, prostate cancer, sarcomas, gynecological cancers and pediatric malignancies (25).


Head-and-Neck Tumors

Particle radiotherapy has been shown to be an effective treatment for salivary gland, nasopharyngeal and sinunasal carcinomas (25–29); however, bone- and mucosa-related toxicities are common, and no causative treatments have been licensed to date for these radiation-induced lesions.

Radiation-related mucositis is a common acute normal tissue toxicity and affects most patients receiving radiotherapy for head-and-neck malignancies. It considerably worsens patients’ quality of life, increases the risk for malnutrition and infection and can therefore result in treatment interruptions that may in turn deteriorate oncological outcomes. The incidence of severe mucositis after proton irradiation for head-and-neck squamous cell carcinomas ranges between 40 and 79% (30). The impact of both bone marrow- and adipose tissue-derived MSCs on radiation-induced mucositis has been examined in several preclinical studies (19, 31–33). In the study of Maria and colleagues, MSCs significantly attenuated radiation-induced oral mucositis in mice, as evident by reduced ulcer duration and ulcer size, leading to increased weight as well as improved hydration and nutritional status (31). Osteoradionecrosis constitutes another rare but severe chronic toxicity after head-and-neck radiotherapy and is characterized by chronically exposed bone structures that fail to heal within 90 days after irradiation. In the head-and-neck region, osteoradionecrosis commonly affects the mandibular bone, and the incidence of mandibular osteoradionecrosis is reported to be less than 10% in most studies after intensity-modulated radiotherapy, although the variation of incidence in the literature is wide (34). The pathophysiology of osteoradionecrosis is complex and is driven by chronic inflammation, hypovascularity, hypoxia and hypocellularity (35). Treatment aims at alleviating symptoms and may comprise antibiotic treatment, surgical debridement, reconstructive surgery and hyperbaric oxygen; however, management of mandibular osteoradionecrosis remains a clinical challenge (36). Although the incidence of mandibular or maxillary osteoradionecrosis may be lower after carbon ion radiotherapy compared to photon radiotherapy, there are several case reports describing severe cases of osteoradionecrosis after carbon ion treatment (37, 38). In a retrospective analysis, 3 of 63 patients developed grade 3 osteoradionecrosis after carbon ion radiotherapy of head-and-neck malignancies (39). Stem-cell based treatments using MSCs obtained from the bone marrow, adipose tissue or tonsils have been examined for osteoradionecrosis after photon irradiation in four in vivo studies and in two clinical case reports (40–46).

While it is conceivable that MSCs may exert their beneficial effects regarding immunomodulation and replacement of functional cells also after carbon ion irradiation, confirmative data for the treatment of particle radiation-induced mucositis and osteoradionecrosis are still lacking.



Prostate Cancer

In a post-hoc analysis including more than 1000 patients with prostate cancer receiving carbon ion radiotherapy within prospective phase II trials, the 10‐year rates of moderate-to-severe gastrointestinal and genitourinary toxicities were found to be 1.7% and 11.7%, respectively (47). Analyses of the SEER database comparing photon and proton radiotherapy for prostate cancer observed an increased risk for rectal bleeding in patients treated with particle radiation (48). MSCs have been successfully investigated for radiation-induced proctitis, cystitis and fistulas. For instance, four patients received allogeneic bone marrow-derived MSCs for hemorrhagic radiation-induced fistulizing colitis after a radiation oncology accident at a public hospital in France, in which prostate cancer patients were overdosed by up to 30% (49). While two patients exhibited a significant response regarding pain and hemorrhage, another patient experienced a relapse after 6 months that was responsive to a second MSC administration. Considering these encouraging results, a prospective phase II trial is currently evaluating the impact of MSC-based treatments for late severe gastrointestinal complications such as proctitis and cystitis (PRISME trial, NCT02814864). However, similar to the other discussed late sequelae here, there are no studies available that exclusively investigate MSC-based therapies after proton or carbon ion radiotherapy.




MSC Administration as a Treatment Against Acute Radiation Syndrome

The acute radiation syndrome (ARS) represents a complex clinical situation, consisting of the hematopoietic syndrome, the gastrointestinal syndrome and (only clinically relevant for doses exceeding 10 Gy) the cerebrovascular syndrome (50). ARS regularly occurs after radiation exposure of the whole body with doses exceeding 0.5-1 Gy over a short time period. Currently, the standard of care for ARS consists of mainly symptomatic measures, e.g. intravenous hydration, antiemetic and analgesics medication, antibiotic treatment, blood transfusions, application of hematopoietic growth factors and rarely stem cell transplantation. Depending on the extent of medical interventions, the LD50/60 (dose that kills 50% of the population within the first 60 days) ranges between 2.5 and 5 Gy. There are several scenarios in which a particle radiation-induced ARS may occur, e.g. during radiation accidents, nuclear terrorism or warfare and in deep space. The rising number of centers providing particle radiotherapy as well as the increasing usage of nuclear technology for medical purposes, industrial procedures and military functions emphasizes the importance of effective medical countermeasures to treat particle radiation-induced ARS.

Animal studies have shown beneficial effects of MSC-based treatments (including both bone marrow MSCs and MSC-derived exosomes) on the hematopoietic system in lethally irradiated mice (51–54). There are also several case reports showing both the feasibility and efficacy of MSC-based therapies for the treatment of tissue damage caused by radiation accidents (55–58). However, no studies have yet been reported that described the impact of MSC-based therapies on particle irradiation-induced ARS. MSCs from different tissues of origin (bone marrow and umbilical cord) have successfully been investigated for ARS treatment (51, 59). Besides its relevance for unintended radiation accidents, stem cell-based treatments including both MSCs and hematopoietic stem cells are discussed also in the case of nuclear terrorism (60). In this context, the United States Army Medical Research Institute of Chemical Defense (USAMRICD) has established production methods in order to have MSC-based treatments available for ARS (61).




Responses of MSCs to Particle Radiation Exposure

For photon radiotherapy, it has been demonstrated that MSCs from different tissues of origin (e.g. bone marrow, adipose tissue, umbilical cord) are relatively radioresistant and maintain their stem cell traits even after high radiation doses (23, 62, 63). A high anti-oxidative capacity, an effective DNA double-strand break repair, low levels of pro-apoptotic proteins (e.g. Bim and Puma) accompanied by high levels of anti-apoptotic proteins (e.g. Bcl-2 and Bcl-XL) have been reported to contribute to photon radioresistance of these multipotent stromal cells (64, 65). However, only limited data are available on the particle radiobiology of MSCs, and it remains unclear if the photon radioresistance can be extrapolated to radiation with protons or heavier particles. To date, proton radiation has not yet been systematically studied regarding the MSC radiobiology as it is believed to biologically resemble photon radiation. However, there are limited data available on the radiation effects of 12C and heavier particles such as 56Fe on MSCs.


Cellular Survival After Particle Irradiation

Work by our group demonstrated a relatively radioresistant phenotype of bone marrow-derived MSCs after 12C particle radiation (Table 1). The relative biological effectiveness (RBE) calculated at 10% clonogenic survival in bone marrow-derived MSCs ranged between 2.0 and 3.1 compared to photon radiation, underpinning the known heterogeneity of MSCs (69). In line with a radioresistant phenotype after particle radiation, apoptosis rates in bone marrow-MSCs remained low even after exposure to 4 Gy of 12C irradiation. However, no data are available for the influence of protracted courses of low-dose 12C radiotherapy on MSCs that may be more relevant in the space environment and also during radiation exposure in the time of cancer treatment. The different biological effects between photon and 56Fe irradiation on human bone marrow-MSCs have also been thoroughly characterized in vitro (68). While it was reported that neither photon nor 56Fe ions impaired the osteogenic differentiation capability of MSCs, 56Fe irradiation with 1 Gy resulted in a G2/M-phase arrest, which was more pronounced than after physically equivalent doses of photon irradiation. Microarray analyses showed that several genes playing a role in cell cycle progression including cyclin B1 and cyclin E2 were significantly downregulated after 0.1 Gy 56Fe ions, while only a marginal response was observed after photon radiation. Additionally, a more pronounced activation of p53 was found after 56Fe ion radiation than after photon treatment.


Table 1 | Summary of preclinical studies that investigated the effects of different types of particle irradiation on MSCs.



While these analyses were based on 2D systems, some groups also investigated the effects of particle irradiation on adipose-derived stem cells in 3D sphere cultures based on agar coating (70). Both after photon and carbon ion radiation, radiation sensitivity was higher in 2D culture than in 3D culture, which could to some extent be related to the development of radioprotective tissue hypoxia inside of the 3D spheres. In this regard, one should take into consideration that particle irradiation can partly overcome the radioresistance caused by tissue hypoxia (71).



Stem Cell Characteristics After Particle Irradiation

The influence of particle radiation on the defining stem cell characteristics has been investigated both for 12C and 56Fe ions. After 12C irradiation, bone marrow-derived MSCs maintained their adhesive and cellular motility abilities independently of the MSC donor as well as their multi-lineage differentiation capability, which are all pre-requisites for the cells’ regenerative effects (69). Kurpinski et al. could show that the osteogenic differentiation potential of human bone marrow-derived MSCs was maintained after exposure to 1 Gy 56Fe ions. While undirected cellular motility as assessed by time-lapse microscopy remained unaffected after 12C irradiation, directed migration towards particle-irradiated hematopoietic cells has not been examined so far. For lighter alpha particles, the preservation of MSC functions seems to depend on the dose, and only higher doses (2 Gy) have been shown to inhibit the stemness capacity of bone marrow MSCs (67).



DNA Damage Repair After Particle Irradiation

As particle irradiation induces clustered and more complex DNA lesions than photon irradiation, many cell lines have been found to exhibit increased numbers of initial and residual DNA lesions after physically equivalent doses of particle radiation (72–74). However, γH2AX foci analyses in human bone marrow-derived MSCs revealed an effective DNA double strand-break repair after 4 Gy 12C irradiation as evident by low numbers of residual double strand-breaks and only temporary activation of the DNA double-strand break signaling pathways (69). This effective DNA double strand-break repair may also contribute to the reported low apoptosis rates after 12C irradiation in this study (69). However, in the study of Alessio, residual γH2AX levels were significantly higher after 2 Gy alpha particle irradiation than after 2 Gy photon irradiation in bone marrow-isolated MSCs (67). In line with these findings, the authors also observed increased pATM expression at 48 hours after 2 Gy alpha particle irradiation when compared to baseline levels, which was not observed after 2 Gy photon irradiation. Lower alpha particle doses of 0.04 Gy were found to result in an upregulation of pATM at 1 hour after exposure and a decline at later timepoints; additionally, there was no significant difference regarding the number of γH2AX-positive cells at 48 hours after 0.04 Gy alpha particle irradiation compared to unirradiated controls. In the study of Kurpinski and colleagues, pathway and network analyses of transcriptomic profiles revealed differential effects of 56Fe and photons on DNA replication, DNA strand elongation and DNA binding/transferase activity of human bone marrow-MSCs with a more pronounced effect of 56Fe ions on these pathways. Furthermore 1 Gy56Fe ions resulted in a stronger activation of p53 than 1 Gy photons.



MSC-Based Treatment Concepts for Space Radiation-Induced Toxicities

Galactic cosmic rays (GCR) and solar cosmic radiation (SCR) constitute the main components of space irradiation. With an proportion of about 90%, protons form by far the largest component of both GCR and SCR, followed by helium ions (about 10%), electrons and heavier ions (75). Solar particle events (SPEs) as part of SCR, are unpredictable events that occur when protons are accelerated during a flare or during a coronal mass ejection. Besides highly energetic protons and helium ions, SPEs include heavier charged (HZE) particles such as carbon, oxygen and iron ions. Long-term missions to the Mars that may last more than 2 years harbor the risk for considerable radiation exposures, as the shielding provided by the Earth’s magnetic field is absent. Therefore, the National Aeronautics and Space Administration (NASA) classifies the ARS caused by SPEs as a major obstacle to long-term manned space expeditions (76).

Besides higher doses encountered by SPEs, cumulative annual GCR particle doses inside a space craft amount to 176 ± 29 mGy based on measurements in the Mars Science Laboratory (77). In vivo data demonstrated that even low and protracted oxygen ion (16O) radiation doses of 0.1 Gy impair hematopoiesis (78), and the effective proton dose to reduce the whole blood cell count (WBC) by half was shown to be approximately 1 Gy (79).

A major step towards the usage of MSCs for space irradiation-induced toxicities was performed recently by Huang and colleagues, who demonstrated the feasibility to grow human bone marrow-MSC aboard the International Space Station (ISS) (80). The MSCs’ phenotype was observed unaltered during proliferation in space, and MSCs maintained their proliferative characteristics aboard ISS. Interestingly, space-expanded MSCs seem to exhibit pronounced immunosuppressive effects compared to MSCs grown on the Earth. At least in short-term space cultures, there were no signs for tumorigenic transformation and genomic instability in MSCs.

Recently, a Chinese study reported transcriptional changes of murine bone marrow cells after whole-body 12C irradiation with 2 Gy (81), that would mimic the acute bone marrow exposure during a severe SPE. 12C irradiation resulted in increased reactive oxygen species production, γH2AX foci and apoptosis levels in bone marrow cells. Significant alterations in genes belonging to the immune response, DNA damage repair, MAPK, TNF signaling and apoptosis pathways were observed in murine bone marrow cells after 2 Gy 12C irradiation.

A high-quality study simulating the combined effects of GCR and SPE on the interaction between human bone marrow MSCs and hematopoietic progenitor cells was conducted by Almeida-Porada (66). Interestingly, 56Fe ions upregulated many cytokines involved in hematopoiesis and immune cell development, whereas proton irradiation produced the opposite effect and downregulated key cytokines involved in these functions. Also very importantly, the transcriptional changes after proton and 56Fe ion irradiation were long-lasting and persisted over several passages.

It is important to consider that low-dose irradiation (≤ 0.1 Gy) has shown to have significantly different effects on MSCs and adipose-derived stem cells than higher radiation doses (24, 82, 83). Low dose irradiation was found to enhance proliferation and to increase the secretion of stem-cell factor (SCF) and GM-CSF, which may favor hematopoiesis (83). In the study of Yang et al., the pro-survival effects of low-dose irradiation on human bone marrow MSCs were mediated via several proteins involved in cell cycle control such as Rb, cyclin E, CDK1, and CDC25B (83). Following these findings, there are considerations to use low-dose irradiation to support large scale expansion as well as therapeutic effects of MSCs (82, 84). Unfortunately, to the best of our knowledge, no studies have reported effects of low-dose particle irradiation, especially protons, on the proliferation rate of MSCs. Additionally, protracted low-dose irradiation over several weeks to mimic GCR are complicated by the difficulty to long-term culture MSCs due to premature senescence and therefore limited passage numbers (85). In the case of prolonged MSC culturing, which may be necessary to expand autologous MSC of astronauts prior to space missions, one should be aware that the DNA repair capacity is lowered leading to more spontaneous and radiation-induced micronuclei (86).

In the space environment, the more convenient way would be the usage of commercially available allogenic off-the-shelf MSCs. Due to the low immunogenicity and immune-privileged behavior, allogenic MSC treatments are generally feasible without prior immune suppression, as demonstrated in large clinical trials (10, 87). In this regard, effective shielding of these off-the-shelf MSCs would be desirable to avoid damage prior to application in a case of SPE.




Conclusion

In general, MSC-based therapies hold promise for the treatment of irradiation-induced toxicities such as mucositis, osteoradionecrosis, proctitis or cystitis as typical sequelae after radiotherapy in the head-and-neck or pelvic region, respectively. So far, preclinical and clinical research has been conducted focussing on the effects of MSCs on photon-induced toxicities, wherefore the role of MSCs as cell therapy for particle irradiation-related adverse reactions in cancer treatment remains to be elucidated. Furthermore, MSC-based therapies may be used after nuclear accidents or during future manned space missions, although the evidence is very limited. In summary, many further efforts are needed in the future to fully examine the impact of particle irradiation on the regenerative abilities of MSCs and potential attenuating effects of MSCs on particle irradiation-induced normal tissue toxicities.
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Objective

The purpose of this systematic review and meta-analysis is to evaluate the efficacy and safety of carbon ion radiotherapy (CI-RT) in improving meningioma by comparing photon and protons radiotherapy.



Methods

A comprehensive search for relevant studies published until March 17, 2021, was conducted in PubMed, the Cochrane Library, Chinese Biomedical Literature Database and EMBASE. Statistical analyses were performed with R 4.0.3.



Results

We identified 396 studies, of which 18 studies involving 985 participants were included. Except for one low quality study, the quality of the included studies was found to be either moderate or high quality. The analyses conducted according random effects model indicated that the 1-year overall survival rate (OS) of benign and non-benign meningiomas after the CI-RT treatment was 99% (95%CL=.91-1.00, I2 = 0%). The overall average 5-year OS for meningiomas was 72% (95%CL=0.52-0.86, I2 = 35%), not as effective as proton radiotherapy (PR-RT) 85% (95%CL=.72-.93, I2 = 73, Q=4.17, df=2, p=.12). Additionally, 5-year OS of atypical meningiomas (81%) was found to be significantly higher than anaplastic meningiomas (52%). The 10-year OS after CI-RT of patients with mixed grade meningioma was 91% (95%CL=.75-.97, I2 = 73%). The 15-year OS after CI-RT 87% (95%CL=.11-1.00) or PR-RT 87% (95%CL=.23-.99, I2 = 79%) were the same (Q=0, df=1, p=.99). After undergoing CI-RT for 3 and 5 years, the LC for benign meningioma was 100% and 88%, respectively, while the 2-year LC of non-benign meningiomas (atypical/anaplastic) was 33%. Headache, sensory impairment, cognitive impairment, and hearing impairment were found to be the most common adverse reactions, with individual incidences of 19.4%, 23.7%, 9.1%, and 9.1%, respectively.



Conclusion

CI-RT is a rapidly developing technique that has been proven to be an effective treatment against meningioma. The efficacy and safety of CI-RT for meningiomas were similar to those of PR-RT, better than photon radiotherapy (PH-RT). However, there is a need for more prospective trials in the future that can help provide more supportive evidence.





Keywords: carbon ion radiotherapy, proton therapy, meningiomas, systematic review, meta-analysis



Introduction

Meningiomas are typically slow-growing, well-defined benign tumors that original from arachnoid cells. Meningioma is the most common primary non-glioma tumor in adults, and accounts for 25% of primary brain tumors (1). The annual incidence rate of meningiomas is approximately 8.3 in 100,000 (2). The World Health Organization (WHO) classifies meningiomas into three different categories, including grade I (benign), grade II (atypical) and grade III (malignant or anaplastic) (3). Although most meningiomas are benign, meningiomas do often adjoin or infiltrate key neurovascular structures. Furthermore, their growth can cause neurocognitive impairment and significant deterioration of their quality of life. Meningiomas are mostly diagnosed among middle-aged and elderly patients, but can also occur in young patients (4, 5). The frequency of meningiomas increases with age, and women are twice as likely to be diagnosed as men (6).

Benign meningiomas, including convex meningiomas and easily accessible skull base meningiomas, account for approximately 90% of all meningiomas (3, 7). Neurosurgical resection is considered to be the first choice of treatment for tumors that are easier to resect. Furthermore, there is no high risk of treatment-related side effects post-resection. In addition to surgery, a variety of radiation therapy (RT) methods are often used to strengthen local control of the tumor, particularly when surgery alone does not seem to be enough. Atypical and anaplastic meningiomas are characterized by more aggressive growth patterns, both of them are relatively rare tumors and only account for 4.7% and 2.8% of all meningiomas, respectively (8). Compared to patients with benign meningioma, they tend to have higher local recurrence and lower survival rate (9). Although traditional RT has been conducted across many meningioma treatments, it has been shown to significantly improve local control and prolong survival. However, the effect of treatment is still not satisfactory, and most patients tend to have recurrence during follow-up. In 1997, the Department of Radiation Oncology at the University of Heidelberg Hospital provided carbon ion therapy in Gesellschaft für Schwerionenforschung (GSI), Darmstadt, Germany. Carbon ion therapy involves the use of active beam transmission through raster scanning technology to irradiated patients with different brain and skull base tumors (10–12). The study demonstrated that all patients had good tolerance to carbon ion therapy. The 1-year local control rate was found to be 94%, and no severe toxicity or local recurrence within the treatment volume was observed. The clinical effect and technical feasibility of the carbocation therapy were announced. Carbon ion radiotherapy (CI-RT) is characterized through its unique physical and biological properties that allow for a gradual increase of dose deposition through a steep gradient. As a result, high-dose local therapy can be applied, while normal structures are likely to survive. Furthermore, tumors near normal dangerous organs may be treated more effectively with higher doses (13, 14). Additionally, CI-RT has a higher local tumor control rate, as well as increasing relative biological effectiveness (RBE), which is defined as the ratio of ion dose to photon radiotherapy (PH-RT). RBE fluctuates with environmental factors (15). The increasing RBE offers further potential radiobiological advantages, such as reduced repair capacity, decreased cell-cycle dependence, and possibly, stronger immunological responses (16).

Application of CI-RT for treating meningiomas is a currently developing research field. In recent years, clinical trials of CI-RT for meningiomas have gradually increased and have been able to evaluate overall survival rate (OS), local control rate (LC), tumor volume and additional indicators of meningioma after CI-RT. Hence, a meta-analysis for this small but heterogeneous body of evidence is needed and may be useful for further advancing the application and knowledge within this field. The present systematic review and meta-analysis analyzed all available literature for evidence of efficacy and safety of CI-RT for the treatment of meningiomas by comparing PR-RT and PH-RT.



Method

The Cochrane Handbook for Systematic Reviews of Interventions and PRISMA Statement were used to guide the conduct and reporting of this review. A study search was done using four electronic databases, including PubMed, the Cochrane Library, Chinese Biomedical Study Database, and EMBASE (17). As a systematic review and meta-analysis, our study does not have ethical issues and therefore no need approval from institutional review board.


Inclusion and Exclusion Criteria

Studies were included if they matched the following criteria: (a) patients with meningioma had been diagnosed by histopathology (b) the clinical treatments were carbon-ion, photon, or protons radiotherapy; (c) reported data that can be used to calculate the effectiveness and/or adverse effects; (d) prospective or retrospective clinical trials.

Publications were excluded if they were (a) case reports; (b) letters, editorials, protocols, reviews; (c) duplicate publications; (d) cell and animal experimental studies; (e) lacking detailed data.



Data Sources and Search Strategy

A comprehensive search was conducted for relevant studies that were published in English or Chinese, databases including PubMed, the Cochrane Library, Chinese Biomedical Literature Database, and EMBASE on March 17, 2021. The search keywords including (“meningioma” OR “Meningiomas” OR “meningioma” OR “meningothelioma”) AND (“ion” OR “proton” OR “photon”). Details on the search strategy have been provided in Supplementary Material (18). The reference lists of the studies were searched manually to identify additional studies (19). The Clinical Trials.gov website was also searched for studies that were registered as completed but not yet published.



Selection Criteria and Data Extraction

The titles and abstracts of studies identified in the databases were screened by two reviewers (J-WL and J-YL) independently with a standardized approach. We retrieved the full-text articles of all potentially eligible studies (20). We resolved any disagreements about research qualifications by discussing or consulting the third reviewer (Y-CJ or M-XL). A flow diagram of the systematic search and study selection process is shown in Figure 1.




Figure 1 | PRISMA flowchart showing study selection.



Eligible studies were screened in their entirety and developed a data extraction form, and the information including authors and year of publication, publication type, type of treatment, sample size, WHO grade, total dose, duration of intervention and follow-up were recorded in an Excel spreadsheet. We pre-tested it on five studies and subsequently adapted the final version. If the inclusion criteria were met, the full-text of each study was coded by the first authors (J-YL and J-WL) using this template.

If there was any evidence for the use of the same sample in different publications, authors were contacted for clarification (21). If it was confirmed that two studies were based on the same data, we chose the study that reported the most comprehensive results (17). If a study conducted multiple interventions and targeted with different population, each intervention was considered as an independent report.



Heterogeneity, Sensitivity, and Publication Bias

Based on the Cochrane Handbook Version 6.1.0, 2020, heterogeneity was assessed using Q-test to estimate the standard deviation of the true effect sizes (22). A significant Q-test indicates that effect sizes of primary studies do not belong to the same distribution of effect sizes. When performance qualification statistics p≥.05, was considered no significant heterogeneity among the included studies (21). I2 index is used to the estimated amount of variability in the true effect sizes, and the proportion of observed variability that can be explained by true heterogeneity. 25%, 50%, and 75% of I2 index indicate low, moderate, and high degrees of heterogeneity, respectively.

“Leave-one-out” method is used in sensitivity analyses to check for outliers that potentially influence the results of the meta-analysis disproportionately (21). All analyses were performed repeatedly with each study removed once to detect whether overall results effect on a single study.

Publication bias means that statistically significant results are more likely to be published, while statistically insignificant results are less likely to be published. Therefore, these studies with no significant significance could be more likely to remain in the “file drawer” (23). Publication bias was assessed by three methods. Funnel plots illustrate the effect sizes of primary studies as a function of study precision. Asymmetry in plots can indicate publication bias (24). Egger’s regression test yields a statistical verification of funnel plot asymmetry. If any bias could be assumed based on these analyses, we planned to apply the trim-and-fill procedure to estimate the unbiased overall effect (25).



Risk of Bias Assessment

In order to assess the quality of the case series, the authors (J-WL and J-YL) independently assessed bias using an evaluation scale that was developed by the Canadian Institute of Health Economics (IHE) (26). The authors evaluated the biases to create their own research list that meets the inclusion and exclusion criteria. The third author (Y-CJ) examined differences between the two lists. The difference was resolved through discussion between the three authors. The IHE case series methodology quality evaluation list is composed of a total of 20 setting items. Each of the items were assessed as “yes,” “no,” and “unclear.” Trials that had more than 14 “yes” components were identified as having a moderate risk of bias (Supplementary Table 1).



Data Synthesis and Statistical Analysis

The fixed-effects model and the random-effects model are based on different assumptions. The results of meta-analysis using fixed-effect models are limited to specific populations (27). As the fact that the studies were conducted under different conditions (e.g., cancer grade, intervention, etc.) could indispensably cause differences among the results. Thus, in the synthesis of effect sizes during the present meta-analytical processes, analyses were conducted according to the random effects model. We computed proportion with 95% confidence intervals (95%CI) to estimate effect sizes for continuous outcomes. Besides, we use stratified analysis to explore subgroup analysis. The whole process of data analysis was performed in R 4.0.3. with the ‘meta’ package.




Result


Selection and Characteristics of Studies

Among the 396 studies that were related to ion, proton or photon radiotherapy were identified, 52 were selected for full-text review. Eventually, 18 studies were included in the meta-analysis (see Figure 1) (28–42). 12 studies reported OS (28–31, 35, 36, 38, 41–43), 17 studies reported LC rates (29–43), and nine studies reported toxic reactions (29, 31, 32, 34, 35, 38, 39, 41, 42). Eight studies about CI-RT were all from Heidelberg, Germany and were published between 2010 and 2018 (28, 30, 31, 36, 43–45). Among these studies, two prospective studies (28, 43), while the remaining six were retrospective studies (30, 31, 38, 44, 45). The number of patients that were included in each study ranged from 8 to 110, the follow-up ranged from 2 to 243 months. Eight studies about PR-RT were from four various countries, three of them from Switzerland (35, 41, 42), two from Sweden (32, 40), two from the United States (33, 37) and South Africa (39). The number of patients that were included in each study ranged from 13 to 170, the follow-up ranged from 32 to 207 months. Three studies were on photons or photons combined with protons. Two of them were from the United States (34, 36) and one from France (29). The number of patients included in each study ranged from 24 to 44, the follow-up ranged from 1 to 193 months. CI-RT was applied at a median dose of 18 Gy E, while PH-RT was applied at a dose of 50 to 50.4 Gy E and PR-RT was applied with a dose of 21.9 to 57.6 Gy E. In these studies, at least 433 patients were with benign meningioma (WHO grade I), while 138 patients were with atypical meningioma (WHO grade II), and 32 patients were with anaplastic meningioma (WHO grade III). Characteristics of these studies are shown in Table 1.


Table 1 | Characteristics of the study.





Risk of Bias

As shown in the Supplemental Table 1. Except for one low quality study (32), the quality of the included studies was found to be either moderate or high quality. All the assumptions, and objectives of included studies were described in detail, as well as the characteristics of the patients and interventions. All included studies used reasonable methods and statistical tests to measure relevant outcome indicators. Meanwhile, reported the duration of follow-up and the number of people lost to follow-up and the reasons. But it’s worth noting that only 16 percent of all studies were multicenter. Inclusion and exclusion criteria were elaborated in 56.5% of the studies. Whether the inclusion of patients was continuous is unknown in 50% of the studies. 38.9% of the joint intervention measures were clearly described. 11.1% of the studies were prospective studies, and it was unclear of all included studies that whether or not to blind the outcome evaluator.



Overall Survival Rate

Overall survival (OS) is one of the study’s primary outcomes. The duration of survival is the time interval between an initial diagnosis (date of the neuropathology report) and date of death due to any cause. Patients that were not reported to be dead or lost to follow-up were censored at the date of the last follow-up examination. Among the studies related to the CI-RT, five studies (28, 30, 44, 45) reported the OS of patients with meningioma (Figure 2). The 1-year OS, no matter benign or non-benign meningiomas was 99% (95%CL=.91-1.00, I2 = 0%). As shown in Supplementary Figure 1 and Table 2, there was a significant difference among the three different treatments (Q=5.81, df=2, p=.04). The 3-year OS of CI-RT was 100% (95%CL=0.90-1) is better than that of PR-RT 85% (95%CL=0.55-0.96) and proton combined with photon radiotherapy 79% (95%CL=.59-.91). The overall average 5-year OS for meningiomas was 72% (95%CL=.52-.86, I2 = 35%), not as effective as proton radiotherapy (PR-RT) 85% (95%CL=.72-.93, I2 = 73, Q=4.17, df=2, p=.12) (Supplementary Figure 2). Additionally, 5-year OS of atypical meningiomas (81%) was found to be significantly higher than anaplastic meningiomas (52%). The 10-year OS after CI-RT of patients with mixed grade meningioma was 91% (95%CL=.75-0.97, I2 = 73%). The 15-year OS after CI-RT 87% (95%CL=.11-1.00) or PR-RT 87% (95%CL=.23-.99, I2 = 79%) were the same (Q=0, df=1, p=.99) (Supplementary Figure 3). The 1-year and 2-year survival rates of patients with recurrent intracranial meningiomas were 90% and 71%, respectively.




Figure 2 | The overall survival rate of meningioma initial diagnosis treated with CI-RT.




Table 2 | Outcomes with various treatment methods for meningioma.





Sensitivity and Publication Bias

According to the “leave-one-out” strategy, the effect sizes estimated values of eight studies related to CI-RT from .74 to .87, indicated that there were no particularly prominent sensitivity issues in the included literature (Supplementary Figure 4). The shape of the funnel plots appeared symmetrical in the comparison model showed that most effect sizes seem to locate symmetrically upwards the graph, and scatter around both sides of the line. Egger’s regression test did not show a publication bias (p=0.26). Besides, there was no obvious change in the results after the trim and -fill estimate (Supplementary Figure 5). Besides, as shown in Supplementary Figure 6, different study designs were not the potential source of heterogeneity.



Local Control Rate

As shown in Figure 3, after undergoing CI-RT for 3 and 5 years, the local control rate (LC) for benign meningioma was 100% and 88%, respectively, while the 2-year LC of non-benign meningiomas (atypical/anaplastic) was 33%. Compared with other treatments, the 3-year LC of CI-RT is better than PR-RT and proton combined with photon (99% vs. 94% vs. 62%, Q=17.28, df=2, p<.01) (Supplementary Figure 5). As shown in Supplementary Figure 8 and Table 2, the 5-year LC of CI-RT combined with PR-RT was 88%(95%CL=.36-.99) same as the PR-RT 89% (95%CL=.80-.95, I2 = 72), but significantly higher than PR-RT combined with PH-RT. 41% (95%CL=.21-.65, I2 = 0, Q=16.46, df=3, p<.01)




Figure 3 | The local control rate of meningioma initial diagnosis treated with CI-RT.





Toxic and Side Effect

According to the General terminology Standard for adverse events (CTCAEv4.0), grade I and II side effects are classified as low-grade side reactions, while any symptoms of grade III or higher are classified as high-grade reactions (47). Overall, six studies have reported adverse reactions in patients with meningiomas that were treated with carbon ions. Five studies reported detailed data, among which one described only the symptoms and severity of adverse reactions (44), including alopecia, skin erythema, conjunctivitis, mucositis, dry mouth, headache, and nausea. As shown in Table 3, all side effects of CI-RT were grade I and grade II. Among them, focal alopecia, fatigue, skin stress and headache were the most common side effects of acute radiotherapy, with incidence rates of 19.5%, 15.3%, 10.5% and 10.1%, respectively. The results of the most common adverse reactions were almost the same proton and photon therapy, with incidence rates of 12%, 13%, 21% and 9%, respectively. With regards to the side effects of late radiotherapy, the most common adverse reactions were headache, sensory impairment, cognitive impairment, and hearing impairment, which had incidence rates of 19.4%, 23.7%, 9.1% and 9.1%, respectively.


Table 3 | Acute and late treatment-related toxicity.






Discussion

Our study aims to investigate the efficacy and safety, as well as the influencing factor of CI-RT among meningiomas. The results indicated that the OS, LC, and the common toxic and side effect of CI-RT for meningiomas is similar to PR-RT, better than PH-RT.

According to EANO (European Association of Neuro-Oncology) guidelines (48), for WHO grade I meningiomas that were totally resected, the 10-year recurrence varies from 20% to 39% (49–51). The 5-year progression of WHO grade II meningiomas may be as high as 30% after gross total resection and 40% after subtotal resection (52, 53). For WHO grade III meningiomas, the 5-year progression-free survival ranged from 12% to 57%, even after resection and radiotherapy (54). With the development of science and technology, radiotherapy for meningioma has been proven to be a promising treatment option, which is more effective than conventional surgical excision (55). Previous studies have reported local control rates ranging from 66.5% for grade II meningiomas at 2 years follow-up to 81% at 5 years for high-grade meningiomas using precision photon therapy (9). Same as our results shown in Table 2, the 5-year LC reached 68% to 87%, and the 5-year OS increased to 66% to 85% after particle RT. Among them, carbon-ion beams and protons directly cleave double-stranded DNA at low concentrations of oxygen and emit lower doses of radiation to the surrounding healthy tissue, which results in improved therapeutic ratios when compared to photon (56). A review by Adeberg et al. (28) supported the efficacy and safety of proton and carbon ion therapy. Consistent with our results, either CI-RT or PR-RT produced a better comparable rate of LC compared with traditional photon therapy. However, a recent systematic review presented comparable rates of LC between photon and proton RT with regards to benign brain tumors. Due to the small sample sizes, the conclusions may not robust enough (57). CI-RT for meningioma is a novel treatment. The inherent physical characteristics of CI-RT provide a special dose distribution, according to the specific range shown by Bragg Peak. This has the advantages of accuracy and omits key intracranial tissues, which make it particularly suitable for the treatment of these tumors (56). A systematic review by Coggins et al. indicated that ion therapy represents a burgeoning field in the treatment of atypical and anaplastic meningiomas. Proton and carbon ion radiotherapy maintain comparable rates of local control to conventional photon therapy and allow for more targeted treatment plans that may limit excess radiation damage (9). Although the Hug et al. study did not specify the rate of OS, the LC rate after protons and photons treatment (62 Gy E) was 88% (34), which was slightly better than CI-RT combined proton therapy. Regardless of whether the meningiomas are primary or recurrent, our meta-analysis also indicated that the LC of meningioma in 3- and 5-year after PR-RT has similar rates with CI-RT, and significantly better than PH-RT.

Treatment optimization for patients with high-grade meningiomas is the main goal for a radiation oncologist. It is known, that, for long-term local tumor control, high doses of radiotherapy are required (28). Previous studies have demonstrated beneficial results for particle therapy among patients with meningiomas (9, 58). However, most studies have evaluated PR-RT in low-grade meningioma patients (9, 57).Regarding differences in grade of meningioma, we observed superior local control over longer intended times of follow-up for grade II meningiomas. This finding remains unsurprising given the nature of histologic grading. Compared with CI-RT, we observed higher LC with PR-RT, which had a mean LC of 59.62% over 5 years. In contrast, CI-RT failed to deliver comparable rates of local control in either grade II (50% at 34 months) or III (63% at 2 years) meningiomas. However, our finding may not represent a deficiency between the two modalities and may be a result of heterogenous populations or patient selection factors. There was a protocol for the MARCIE trial with a carbon ion boost in combination with postoperative photon radiotherapy for Simpson grade 4 and 5 atypical meningiomas patients (46), and more trials are expected to be published in the future to produce more convincing results.

Five studies (28, 30, 31, 44, 45) reported minimal or no acute high-grade toxicities. However, three studies did report similar findings with regards to late high-grade toxicities (30, 31, 43). Furthermore, a study by El Shafie et al. (31), which has the highest sample size across all studies in our review, supports these results. This finding is highly significant as it corroborates the commonly held view that CI-RT has reduced side effects compared to conventional PH-RT (59). Most articles reported headaches and sensory impairment as the predominant adverse effect among patients, which is expected. The lack of late high-grade toxicities remains particularly promising as it affirms the hypothesis that CI-RT limits extraneous radiation to normal brain tissue (60, 61). These results are promising in confirming the belief that ion RT predisposes patients to marginal side effects.

Although this systematic review and meta-analysis has been proven to be an effective treatment against meningioma, our outcomes need to be treated with caution due to several significant limitations. Firstly, the number of studies included in this meta-analysis was not much many that some subgroup analyses could only be combined with two or three studies. As there is an obvious correlation between the study quality and results, this problem needs to be taken seriously. Secondly, all CI-RT studies were found to be from the same country, and heterogeneity among the studies was obvious. Hence, the bias of results could not be ruled out. Thirdly, many studies did not classify benign and non-benign meningiomas, which may confuse the conclusions. Although CI-RT is a novel clinical treatment, as it becomes more common and affordable, additional prospective studies with larger sample sizes will be necessary to quantify efficacy.



Conclusions

CI-RT is a rapidly developing technique that has been proven to be an effective treatment against meningioma. The efficacy and safety of CI-RT for meningiomas is similar to PR-RT, better than PH-RT. However, there is a need for more prospective trials in order to quantify the efficacy of ion beam RT compared to conventional therapies and to provide meaningful comparisons of local control rates and survival rates among patients undergoing alternative interventions.
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Particle therapy in which deep seated tumours are treated using 12C ions (Carbon Ions RadioTherapy or CIRT) exploits the high conformity in the dose release, the high relative biological effectiveness and low oxygen enhancement ratio of such projectiles. The advantages of CIRT are driving a rapid increase in the number of centres that are trying to implement such technique. To fully profit from the ballistic precision achievable in delivering the dose to the target volume an online range verification system would be needed, but currently missing. The 12C ions beams range could only be monitored by looking at the secondary radiation emitted by the primary beam interaction with the patient tissues and no technical solution capable of the needed precision has been adopted in the clinical centres yet. The detection of charged secondary fragments, mainly protons, emitted by the patient is a promising approach, and is currently being explored in clinical trials at CNAO. Charged particles are easy to detect and can be back-tracked to the emission point with high efficiency in an almost background-free environment. These fragments are the product of projectiles fragmentation, and are hence mainly produced along the beam path inside the patient. This experimental signature can be used to monitor the beam position in the plane orthogonal to its flight direction, providing an online feedback to the beam transverse position monitor chambers used in the clinical centres. This information could be used to cross-check, validate and calibrate, whenever needed, the information provided by the ion chambers already implemented in most clinical centres as beam control detectors. In this paper we study the feasibility of such strategy in the clinical routine, analysing the data collected during the clinical trial performed at the CNAO facility on patients treated using 12C ions and monitored using the Dose Profiler (DP) detector developed within the INSIDE project. On the basis of the data collected monitoring three patients, the technique potential and limitations will be discussed.




Keywords: particle therapy, carbon ions, online monitoring, charged particles, fibre detectors



Introduction

Carbon ion beams in Particle Therapy (PT) are used to achieve a high dose conformation to the target volume in combination with a high Relative Biological Effectiveness (RBE) (1). According to the Particle Therapy Co-operative group (PTCOG), thirteen 12C ions beam facilities located in Italy, Austria, Germany, China and Japan are currently in operation (2), and five are under construction. At present, a wide spectrum of pathologies located in several districts is eligible for carbon ion therapy. The reader is addressed to (3) for an updated review of the diseases treatable with carbon ions and the corresponding clinical outcome.

Despite the physical and biological advantages of carbon ion therapy, its intrinsic accuracy in targeting the treatment volume is not yet fully exploited. In the current clinical work-flow, most of the QA procedures are performed before the treatment, then all the arising inter-fraction effects as patient mis-alignment or morphological changes, which translate in an effective range difference with respect to the planning, have to be taken into account at the planning stage. A typical approach is the use of safety margins after defining the Clinical Target Volume (CTV) and safe irradiation strategies that avoid the potential exposure of organs at risk to unwanted dose (4, 5).

Great efforts have been made to develop a technique capable of giving a real time feedback on the dose conformity to the target volume. Such systems are typically based on the detection of secondary radiations as prompt-gammas (6), annihilation photons produced by the beam-induced β+ activation (7, 8), or charged fragments (9, 10).

The Dose Profiler (DP) has been designed and built to be operated at CNAO as an in vivo verification system of the carbon ion treatments (11). It exploits charged secondary fragments, mainly protons, that are detected and tracked by means of eight planes of plastic scintillating fibers. The DP is a part of a bi-modal system, developed within the INSIDE collaboration (12) and installed in the CNAO treatment room n.1, including also a PET scanner used to measure the beam-induced β+ activity. In 2019 a clinical trial started with the aim of evaluating the system capability to detect the morphological changes occurred in the patient during the several session of a full treatment delivery. The results obtained monitoring the first three patients can be found in Fischetti et al. (13), where the authors discuss the case of a patient for which internal morphological changes were detected by comparing the fragments spatial emission maps measured in different treatment fractions. In this manuscript, instead, we focus on a completely different matter: the possibility to exploit the secondary fragments produced during the treatment to monitor the beam position at the entrance point in the patient body. Such monitoring will be complementary to the techniques that are already routinely implemented in clinical centres to control the beam delivery and that are usually implemented using ionization chambers positioned at the end of the accelerator nozzle just before the beam exit window (14).

A CIRT treatment is composed of many irradiation by single Pencil Beams (PBs), with own scheduled direction, energy (i.e range) and fluency. Presently the transverse beam position of each PB is generally verified on-line by ad hoc devices [i.e. ionization chambers (15)] placed before the beam exit window. However, as stated in (16), a robust monitoring strategy independent of the diagnostics embedded in the nozzle could be of great interest, in particular in the frame of adaptive radio therapy using image guidance.

In CIRT, protons and neutrons are the most abundant products of the incoming beam fragmentation occurring inside the patient tissues (17) and a significant fraction of the protons produced at large angles with respect to the beam direction has enough kinetic energy to escape from the patient, as reported in several measurements (9, 18–20). In (16) a method based on the detection of such charged secondary fragments has been proposed, and its performance has been evaluated on an anthropomorphic phantom for different energies of the carbon ion beam. In this work we propose a monitoring technology, alternative to the ones currently implemented in the clinical centres using ionization chambers, based on charged fragments detection, and we evaluate its feasibility in the clinical practice analysing the data collected monitoring three patients enrolled in the INSIDE clinical trial.

The obtained results and the technique performance and limitations are reported and discussed hereafter.



Material and Methods

Unlike neutral radiation, secondary charged particles can be easily detected and back-tracked with high efficiency and with little background. The measured fragments emission yield is anti-correlated with the production depth, since the kinetic energy of fragments decreases with the increasing path travelled inside the patient.

Fragments that have the kinetic energy needed to exit from the patient are mainly products of the projectile fragmentation, as the products of target fragmentation have, in average, lower kinetic energies and are not able to exit from the body to be detected. In this latter case the products have kinetic energy of few MeV and can not escape from the patient, while projectiles fragments mainly keep the beam velocity and direction, causing the characteristic dose tail beyond the Bragg peak. The same arguments applies to the products of re-interactions of fragments inside the patient body (tertiary fragments): such fragments can be produced (especially in the case of neutrons) far away from the primary interaction of the beam with the patient along the path towards the target volume, but their contribution becomes to be significant only in the distal region where the direct production from the fragmentation drops. In the entrance channel, however, the fragments are mainly produced directly by the fragmentation of the projectile and for that reason their production vertexes have to lie in a truncated cone whose circular section, at different depths inside the patient body, has a radius that is a convolution of the beam spot size and the effect of the multiple scattering interactions undergone by the primary beam. The fragments produced at large angle (60°-90° with respect to the incoming beam direction) are mainly protons, with a low contamination of deuteron and tritons (less than 10%) and most of them are generated directly from the primary projectile fragmentation (21). When back-tracking those reconstructed fragments, towards their production region inside the patient, and performs the projection of the reconstructed tracks in the plane orthogonal to the beam direction, one thus expects an accumulation along the beam incoming direction with the aforementioned experimental uncertainty, as shown in Figure 1.




Figure 1 | Sketch of the experimental setup. On the left a 3D sketch is showing the measurement principle: the production point of the fragments (dashed lines) detected by the DP are all located around the transverse beam position, within the beam lateral size (cyan cylinder). On the right the 2D projection is shown from the perspective in which the beam (black bold cross) is orthogonal to the picture. The rationale of the strategy proposed in the manuscript can be observed: in the plane orthogonal to the beam direction, the tracks intersections can be used to identify the beam incoming direction in the x,y plane.



In this work, we therefore propose to evaluate the beam transverse position as the accumulation point in the plane orthogonal to the beam direction of the fragments-related tracks reconstructed by a tracking detector.

The method has been tested analysing the data collected monitoring three patients treated with carbon ions at CNAO. The data collection occurred in the context of the clinical trial at CNAO (22), as described in Clinical Trial and Data Taking Conditions, in which a test of the performance of the INSIDE system was carried out.

To evaluate the monitoring precision achievable on the incoming beam position, fragments coming from each PB were reconstructed, and their position in the transverse plane was compared to the nominal one provided by the Dose Delivery System (DDS). In the following, the details about the patient treatment and the tracking detector used for the monitoring are quickly summarized. The full procedure used to measure the beam position in the transverse plane is described in detail afterwards.


The Dose Profiler

The DP [whose detailed description and performance can be found elsewhere (11)] is made of 8 scintillating fibers planes (each fiber has a square cross-section with 500 μm side) and has been carefully optimized to detect and reconstruct the charged fragments exiting from the patient. More than 3,000 Silicon Photo-multipliers (each one of 1 mm2 active area) are used to collect the scintillation light from pairs of fibres in each plane and reconstruct the 3D path traversed by the fragments inside the detector active volume. The DAQ system, capable of collecting the signals from all the SiPMs and providing a self-triggering acquisition mode, was optimized to minimize the detector dead time (measured using the data collected during the patient monitoring and equal to ~5 μs per event), allowing to sustain the fragment detection rate (O ~ 100 kHz) reached in a typical treatment at CNAO. A per track back-pointing resolution of 5–7 mm, depending on the fragment energy and angle inside the detector, has been measured with the device placed at 50 cm from a point-like target in a pre-trial characterisation data-taking campaign. The fiber planes and the read-out electronics are embedded in a light-tight box held by a movable cart (shown in Figure 2) that also support a PET scanner formed by two planar LYSO detectors, used to measure the beam-induced β+ activation. The cart is inserted and hooked in the operation position just before the treatment start, and it is moved back to a rest position located in a room side once the treatment is finished.




Figure 2 | View of the INSIDE cart holding the DP and the PET heads installed in the CNAO treatment room 1. A patient mask is attached to the bed to show the patient position with respect to the DP during a treatment. The reference frame used to present the DP measurements is over-imposed (the z-axis, in orange, is along the incoming beam direction).



During its operation the DP is located at ~50 cm from the room isocenter, forming an angle respectively of 60° with respect to the beam direction (z) in the xz plane, and of 30° in the yz plane. A precise measurement of the DP position with respect to the treatment room isocenter has been obtained by means of a laser survey system. It was found that the cart anchoring system allows for a highly reproducible positioning when removing and inserting the cart ensuring an accuracy of this procedure below 1 mm, as evaluated in the system commissioning phase.



Clinical Trial and Data Taking Conditions

The INSIDE Clinical trial (22) has started in September 2019 at CNAO with the purpose of evaluating the carbon ion treatments inter-fraction monitoring capability of the DP. Ten patients, affected by pathologies involving the head-neck district, have been selected and monitored during the whole period of the therapy administration (3–4 weeks, typically four fractions per week). The clinical study was performed in accordance with all the relevant guidelines and running regulations on clinical trials and was approved by the referral ethics committee “CNAO” with the code CNAO-OSSINSIDE-02-18 on July 31, 2019; the informed consent was obtained from all the adult participants enrolled. No information or images that could lead to identification of the participant are present in this work.

We have analyzed the data of three patients affected by an Adenoid Cystic Carcinoma (ACC) of salivary glands, monitored during the clinical trial and already examined in Fischetti et al. (13) with the names PZA, PZB, and PZC. While the reader can found the full treatment plans description in the cited manuscript, the number of monitored treatment fraction, the number of delivered PB, the number of ions per PB as well as the beam energies foreseen by each plan are reported in Table 1. A Range Shifter (RS, a solid water 3 cm thick layer positioned between the beam exit window and the patient along the beam path) was used when delivering the treatment of all the considered patients.


Table 1 | Details of the treatment plans delivered to the patients considered in this paper.





Transverse Position Assessment

The fragments position measurement starts from the signal registration performed for each triggered event. The fragments crossing the DP produce light in the scintillating fibers, which is detected by the SiPMs to build a 3D track inside the detector local reference frame using the Hough transform (23) applied to each detected ‘hit’. The track parameters are hence evaluated with a linear fit, as described in details in Traini et al. (11). The laser survey results are finally used to transform the track parameters in the global reference frame of the treatment room. While performing this change of reference frame the systematic uncertainty due to the DP positioning accuracy (at the level of 1 mm) is assumed to be negligible as the contribution from the limited statistics and multiple scattering on the final results are significantly larger. The high incoming fragment rate (more than 100 kHz in some of the slices that have to be treated with high energy and high number of ions) resulted in a significant fraction of events (~ 10%) with a track multiplicity larger than 1. Such events have been rejected to avoid the additional contribution to the position measurement uncertainty. Starting from the fully reconstructed sample, the tracks projections in the plane (xy), orthogonal to the beam direction, are computed. With such information, a 2D histogram representing the track density ρTrack (x,y) in the transverse plane is built for each PB using the measured emission points along the beam path inside the patient of all the reconstructed tracks. A binning of 3 ×3 mm2, comparable with the CNAO carbon ion beam spot size (24), has been chosen. According to the MC simulation of the full treatment, performed with the FLUKA software (25, 26) and described in (13), the average angular deflection of the escaped fragments provoked by the multiple scattering is of the order of 60 mrad. For this reason the track density distributions do not present an evident peak for PBs with a low number of reconstructed tracks. We decided then to apply to each histogram a filter to avoid that the statistical fluctuations could result in a bias affecting the peak measured position. Different filters have been investigated: Gaussian, Median and Average based algorithms were applied to the 2D distribution and the measured PB positions have been compared with the nominal ones provided by the DDS. Among the different available filters we selected the Gaussian one, as it provided an unbiased result for all the data analysed. Different resolutions were tested, and the best results have been obtained smoothing the picture applying a 2D Gaussian filter with a σf of 1.0 cm.

An example of the track density histogram before and after the smoothing is shown in Figure 3 respectively in the Left and Right panels. The observed stretched shape, asymmetrical in the vertical and horizontal axis, is due to the relative positioning of the DP with respect to the beam incoming direction. Since the DP is place at 60° with respect to the treatment room z axis, in the x,z plane, the resolution that can be obtained on the x position of the PCA is worse when compared to the one achievable along the vertical axis. This geometrical effect results in the shape that can be observed in Figure 3. A 2D elliptical Gaussian function was used to fit the data when estimating the distribution maximum value and measuring the PB position (xmeas,ymeas).




Figure 3 | Left: Track density histogram for a PB with 17 reconstructed tracks (no filter applied). Right: the same figure is drawn applying a Gaussian filter with σf equal to 1.0 cm. Both figures are obtained with a binning of 3 mm in both axis. The black (circle) and the red (triangle) markers represents respectively the nominal beam position, and the reconstructed one. The 2D Gaussian fit is super-imposed (red curves).






Results

To evaluate the precision and the accuracy of the method outlined in the previous section, for each PB the measured position (evaluated as the accumulation point position identified as explained in Section Transverse Position Assessment and shown in Figure 3) has been compared with the nominal one provided by the DDS (27), which unambiguously identifies the position of each PB in each treatment fraction. All the reconstructed tracks have a well defined DDS identifier and can be associated to a given PB. When considering the overall track sample, ~50–70% of the detected particles (depending on the patient positioning) are produced when the beam interacts with the range shifter, while the remaining ones are produced by the interaction with the patient. Despite that the former ones could be certainly used for the transverse position assessment, they have been excluded from this analysis in order to investigate the worst case scenario in which the treatment is performed without the RS and the fragments are emitted only by the patient. Applying such selection, the average number of reconstructed tracks per PB is ~7, ~14 and ~15 respectively for PZA, PZB and PZC, as can be observed in Figure 4 where the distributions of the number of tracks measured in the first treatments fraction are shown as an example.




Figure 4 | Distributions of the number of reconstructed tracks per PB as measured during the first fraction monitoring for PZA, PZB and PZC, obtained respectively selecting the fragments produced only in the patient (red line, dotted area), and that ones produced also in the RS (blue line, empty area).



The distributions of the differences Δx = xmeas - xnom and Δy = ymeas - ynom of the reconstructed PB positions using the algorithms outlined here-before (xmeas,ymeas) with respect to the nominal PB ones (xnom,ynom) as coming from the raster file are shown in Figure 5 for the first fraction of PZC.The histograms have been populated selecting only the PBs with a number of reconstructed tracks coming from the patient larger than 5 (~ 80% of the total number of PBs in the treatment fraction).




Figure 5 | Distributions of the differences between the measured and the actual beam transverse position, respectively in the x (left) and y (right) axis, obtainded analysing the data acquired during the first fraction of PZC. The solid, red line represents the overall fit function while the dotted, red line highlights the tail contribution.



Both distributions show a Gaussian core (solid, red line) with a slightly asymmetrical tail (parametrized with a further Gaussian function with different central value shown as a dotted red line), due to the fact that the DP orientation is not orthogonal to the beam line, as described in section The Dose Profiler. The cores have respectively σx ~ 1.4 cm and σy ~ 1.1 cm along the x and y axes, while the fraction of the events associated to the tail is ~20%. The mean of the distributions is found to be consistent with zero (within a 1 mm bias that has a negligible impact on the results), confirming that the technique is able to follow the PB scanning without introducing a systematic uncertainty that has to be accounted for. Finally, the obtained results are not significantly affected by little variations of the filtering parameter σf (see section Transverse Position Assessment), as σx, σy vary of ±0.1 cm when using a σf between 0.8 and 1.2 cm.

Similar resolution have been obtained also for PZA and PZB. The results are very stable against the different treatment fractions, as summarized in Table 2, where the mean value <σx>, <σx> and the corresponding standard deviations  , of the Gaussian core sigmas are reported for the three patients.


Table 2 | Mean values <σx>, <σx> and standard deviations   of the resolutions obtained in the different treatment fraction for PZA, PZB and PZC.



The measured resolutions shown in Table 2 are significantly larger than the PBs spatial separation (2 mm) limiting the single PB monitoring capability of the DP. However, as stated in section Transverse Position Assessment, the accuracy on the transverse position is expected to be strongly slice and position dependent, as the number of reconstructed tracks per PB is highly affected by both the initial beam kinetic energy and by the amount of material that fragments have to cross to exit from the patient.

To study the potential of the technique assuming that the detector technology could be changed, the dependence of the obtained resolution on the beam energy and the collectable statistic has been studied using the data collected in the first fraction of PZC. In such analysis also the fragments produced in the RS have been included. The resolution dependence on the beam energy can be clearly observed in Figure 6. The observed behaviour is due to the larger number of fragments emitted when delivering PB with higher energies.




Figure 6 | Resolution on the beam transverse position as a function of the beam energy along the x (left) and y (right) directions, obtained analysing the data collected in first fraction of PZC. As expected, the higher is the beam energy, the better is the resolution, as expected since there is a larger number of emitted fragments that are capable of escaping from the patient.



The dependence on the collectable statistics is shown in Figure 7 where the x and y position resolutions are shown as a function of the number of collected tracks per PB. The resolution scales as expected, following the   trend which is over-imposed on both plots to guide the eye.




Figure 7 | Beam transverse position resolution as a function of the number of reconstructed tracks per PB, respectively for the x (left) and y (right) directions, obtained analysing the data collected in first fraction of PZC. As expected, the resolution scales proportionally to  , the trend is superimposed on the figures in red to guide the eye.



Concerning the DP monitoring capabilities in a real case scenario, an average number of tracks per PB <nTr> between 5 and 15 and between 35 and 60 is observed respectively when selecting only the particles produced within the patient and when considering also the ones produced in the RS, as shown in Figure 4.



Discussion

In this manuscript we explored, in the frame of CIRT technology, the online monitoring capabilities of the beam transverse position using a charged fragments detector. The real case of three patients treated for an ACC was used to collect the data and evaluate the performance in a clinical scenario. The reported results suggest that the accuracy of such technique is mainly limited by two factors:

	the multiple scattering suffered by the fragments travelling within the patient from their production point towards the detector, which add an unavoidable resolution term to the measurement of the accumulation point of the reconstructed tracks;

	the number of particles detected per PB. The number of reconstructed tracks per PB is, on average, few tens, with a strong dependency on the patient treatment details and on the energy of the incoming projectiles. In order to improve the resolution, strategies to increase the number of detectable fragments have to be defined and implemented.



Figure 7 shows that the resolution decreases, in the range up to 300 tracks per PB, as , and we can therefore use the observed behaviour to predict the expected resolution for larger number of tracks. To reach a resolution comparable with the lateral PB distance (2 mm), a number of tracks per PB >500 would be needed according to the   scaling and the DP absolute positioning in the room reference frame would need to be known with a better precision (smaller than the current uncertainty of: 1 mm). In that case an absolute position resolution measurement, performed online, could be used to provide a valuable independent feedback to the DDS and to the treatment QA software. With lower number of tracks the resolution degrades and only the average position of close PB will be accessible.

The number of fragments that can be detected by the dose profiler while monitoring a CIRT treatment is limited by the detector dead time (: 5 µs at the measured DAQ rates (~ 60-70 kHz in average with peaks above 100 kHz). While the presence of RS can significantly boost the number of detectable fragments, we have shown that very few PBs could match the >500 requirement even if these additional tracks are considered.

We estimate that reducing the detector dead time, the detectable fragments could be easily doubled. To reach the required precision, we are still missing a factor ~ 15 (worst case scenario) and ~4 (if all available tracks coming either from the patient or from the RS can be used) in statistics: a possible solution might be to enlarge the detector acceptance (increasing the active volume or putting the detector closer to the patient) or to reduce the tilt angle with respect to the beam line, at the expense of some additional distortion effect when back-projecting the tracks.

These changes might not be easy to implement in the current setup of the INSIDE system. Thus, to confirm the capability of the proposed technique of monitoring of the transverse beam position in carbon ions treatments with a resolution comparable or lower the lateral PB spatial separation, as suggested by the data trend, an adequate technological solution capable of overcoming the current DP limitations will be needed.
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Number Volume (ml) Volume (m) Volume (mi)
P1 67 17.2 485 3225
P2 72 18.7 705 1928
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P10 8 19.2 61.1 105.2
Median 7 1895 463 15085

The prostate, rectal, and bladder volumes were measured from the treatment planning CT.





OPS/images/fonc-10-01264/fonc-10-01264-g004.gif
Prostio V95 (%)

Prostale VOS5 (%)

[ [ o
| o Aeon
oou: 208
o Ao 74

ol 2069
ok -0

M o7 i e

Prosin ssprman

Deviakon of rectum V95 (mf) ©

S e (o
o 2y
iy 08 ErRrg
perdiyae] Ik 087
Boouy R042 ooy R0 5t
Bon 035 Soosnn0ss| | .

@5 0 %

S5 o 0 %
 ertal volurme deviaton orl)





OPS/images/fonc-10-01264/fonc-10-01264-g005.gif
displacement>

®
o
4
2
o
2
4

in AP drecton (mm)

T
£
g
i
£3
2

Prostate dispiacement®
IS

g

’y

%0 0 10 % 0 30200400 0 10020050
Rectal volume deviation () Bladder volume deviaton (mi)





OPS/images/fonc.2021.740974/crossmark.jpg
©

2

i

|





OPS/images/fonc.2021.620534/table3.jpg
intorvention Reason Acute treatment rolated toxicity <6 months Rate (%) Late treatment-related toxicity > 6 months Rate (%)

CTCAE(H)  CTGAE (1 OR higher) CTCAE(H)  CTCAE (Il O higher)
Carbons Focal dopeca nr o 195 2 o 09
proton/photon  Faigue 2 0 153 19 1 86
Sk rtaton & 0 105 4 o 18
Headache 6 o 101 s o 194
Nausea a2 1 72 5 o a4
Localzed pain 2 o a3 2 0 52
Sensary defets 2 o 12 55 o 287
Lymphedema s o 15 5 0 26
Xerostomia 6 o 09 6 1 a2
Mucosiis 2 3 08 1 0 0s
Rago necrosss 1 0 02 o 3 13
Cognte dystunction 1 o 27 21 o a1
Harloss @ 1 68 o 0 39
Hearing mpaiment 16 1 28 2t 0 o
Dazioss. 1" o 28 7 0 3
Seizures s o 15 10 o .
Crange n character 1 o 02 o o o
Laciimation o oyes o 1 02 o o o
Acute hemorhage o ] [ 1 0 04
Sightvisual mpainment 4 0 o7 o o o
Toiad 50 7 100 227 5 100
proton oo " o 207 o 0 o
i toxiciy 2 o 1 o o o
Opti neuropaty 4 o 68 1 0 17
oy ere 6 o 103 1 o 167
Hypogonadsm 3 o 52 2 o 13
Asymptomati hypothyrosm 2 o 3 2 0 33
Total E 0 100 6 0 100
Protonsphoton Vison s 3 o 2 3 4 56
Viual fild dafit 1 o 1 6 o a8
Opiopia 2 o 1 s 1 32
Exophinaimos 1 o 1 2 0 25
Congnciviis 3 o 2 o o o
Eyo, other 7 2 5 o 4
Hearingloss. 3 o 2 8 2 75
Tonits 1 0 1 5 o )
Ofacory aeration 2 o 1 2 0 18
Gustaton ateration 4 o 2 1 0 08
Dysphasia o o o 1 o 08
Neuromotor deft o 1 1 o 2 18
Wealross 0 1 1 3 o 24
Facial pumbioss s o 2 5 o 4
Facial wealoess 4 o 2 6 0 24
oy 1 o 1 5 o 4
Sozure 2 o 1 o o o
Fal o o o 3 o 24
Dysartia o o 1 Y o 08
Headache n o o 8 o 64
Nausea 7 0 12 o o o
Dezoess. 5 o 1 1 0 08
Verigo H o 2 2 o 24
Sycope 1 o 1 0 o o
Depression 3 o 3 1 1 08
Neuralog deft 4 o 2 12 1 104
Endocrne defct 1 o 1 3 1 138
Osteoporosis ] o o 1 o 08
Ceretral edema o o o o 2 24
Brain atophy o o o 1 o 08
Sk changes @ o 21 2 o 24
Aopecia w o 12 2 o 24
Faigue 21 1 13 7 o as
Total 154 3 100 112 18 100





OPS/images/fonc.2021.620534/table2.jpg
B I
~ £E £E e ¢k &

"M SEEREEESERALELLRAEEAREIEELIEENRAIS

M W _rrmmw_ m_m“m_mm _rmmmm_






OPS/images/fonc.2021.620534/table1.jpg
cutmonin s,
e

2
T
&

s
& a s
2]

o

PeRA D Moot Apwidedad WO GRAOEM
o v

e w o wo s

e 5 eme s owe o

e o wsozem » o1 0

e 0 Sws o

snners o e s

e

e w wme w0

=

sy Toemm s s a

fy

g

e s 0w

e

s B wme wma oW

e

I w0 eos

o w wcme ws

froe o s w1 ow

e

- e w wme s

e

P orsorn w2,
o @smn o
Ry SR
e oz e
P
R
o
pane Baeanon e

eson

2w
noan

Bow

Oversharted  Locel convel Tordony Note.

; ok Moot o sty

. LTI ooy
AR AR

Pl e ii—

sy 100k san  CumsnveSyrtsny oo

ool

oy
s oo Sondso Sy o3t

S, A -

s
W A

Agpaine M oottt





OPS/images/fonc.2021.620534/fonc-11-620534-g003.jpg
" TIOpOIe el

Comb2013a(l)-year 053 [0.37;0.68) ——
Comb2013a(ll)-2years 033 (020,050)  —M—
Comb2013a(l)-3years 1.00 [0.90; 1.00] e
Comb2010-5years 088 [0.46;0.98] —_—
Comb2010-7years 075 [0380.94] —
Combined Proportion (Random) 072 [0.43; 0.90] ——

uaogenety 315, & 13886, 12 2123 0 <0.01)
0 02 04 06 08 1
Proportion of CC()





OPS/images/fonc.2021.620534/fonc-11-620534-g002.jpg
e

0s = fyear
Comb2013b()
Comb2013b(1)

0S = 3years
Comb2013a(l)
Combined Proportion (Random)

0S = syears
Comb2010

Adeberg2012a(l)
Adeberg2012a(ll)

Combined Proportion (Random)

0S = 10years
Comb2010

El Shafie2018a
Combined Proportion (Random)
=73%, = 0,619

0S = 15years
El Shafie2018a
Combined Proportion (Random)

Combined Proportion (Random)

eeogeneiy: = T0%, = 0618313307 <0.01)
1035 =03)

Residual heterogeneity: 1= 64%. 7

Combined Proportion (Random)

0.8 [046;0.98)
081 [0.69;0.89]
052 [0.32,0.71)
0.73 [0.47; 0.89]

075 [0.38;0.94]
0.95 (0.88;0.98]
0.90 [0.69; 0.97]

e
—

0.87 [0.80;0.92]
0.87 [0.57;097]

0.8 [0.78; 094] -
0 02 04 06 08 1
‘Proportion of CC()





OPS/images/fonc.2021.620534/fonc-11-620534-g001.jpg
Identification

Screening

°
1)
°
=
S
&

Literature identified through
PubMed, CBM, EMBASE,
Cochrane Library database
search
(n=364)

(n=32)

Literature identified through
manual search

l

l

Records after duplicates removed

(n=276)
L 2
Records screened Records excluded on the
(n=120) > basicof title and abstract
(n=68)
L 2
Full-text articles assessed Full-text articles excluded,
for eligibility Ll with reasons (n = 34)
(n=52) 10 Outcomes not reported
9 Reviews
5 Overlapping cohorts
3 Alternative heavy ions
6 Abstract
1 Case report
v
Studies included in
qualitative synthesis
(n=18)






OPS/images/fonc.2021.620534/crossmark.jpg
©

2

i

|





OPS/images/fonc.2021.616831/table1.jpg
Authors and year  Reference  MSCs' species and  Partcle type.
tissue/Animal modol

Ameda Porada (69 Humanbone marow  Protons +#Fe

otal, 2018

Nessoetal, 2017 (67)  Hmanbonemarow  patces -

Kuphsiie1al, 2000 (69  Humanbonemarow  “Fe .

Neoayetd 2015 (69  Humanbonemarow G

HOG: hematoooitic sient ool 1. lonktho rediaton, FBE. reithe Dioboksl afecivensas.

Main findings

More pronounced deteous efects ater soquenial proton and “Fe fon I on
both MSCs and HSCs han after opostre to ether o one

Uproguation of cytokines aved i tho maenance of bemalopoiess and
e col oveopment er “Fo o R (s donrvoguiatonate pclon )
Porsistonco o tonscpional changes indood by prolons and “Fo ions over
‘several passages in culture (n contrast to photons)

Recucion o Sphaso celsafle 0.04 Gy and 2 Gy parice

Eovated spoplos at at 48 houes e 2 Gy paricla I bt ot ater rotons
More rescal DNA doubl-srand tresks at 48 houes afer exposure 0 2 O
pariciescompared 102 Gy posons

Increased pATM activation after 2 Gy « particie IR than after 2 Gy photon IR
Pronounced G2/M phasa arest afe 1 Gy“Fe IR

Maintenance of osteogenic differentiation after 1 Gy**Fe IR

Higher p53 activation after *“Fe exposure compared to photons

More pronounced transcriptommic efects regarding DNA repication, DNA strand
engaton and DNA bindng/vansiease aciiy o/“Fe han o phions

RBE values of "2C between 2.0 and 3.1 (at 10% clonogenic suvival)
Matenance of sem e chavaciesics

Pronounced G2/M phase amest after 4 Gy'C IR
Noincreases in apoptosis after 4 Gy'*C IR

No residual DNA double-strand breaks after 4 Gy'°C IR

‘Strong phosphorylation of PATM at 2 hours after 4 Gy**C IR but retum to bassine
tovls aer 24 rours





OPS/images/fonc.2021.616831/crossmark.jpg
©

2

i

|





OPS/images/fonc.2021.620388/table5.jpg
QA tost Metic (pass criteria) Statc resuits "Motion mitigaton resuts

Ppoits Dose devaton (= 5%) =24% 289%

Log fes (pannad to econstuctod) ‘Garma ndex anayss (-90%) 994% 960%

Fim stacks. ‘Garma index anayss (-00%) 924% 90.4%

C detector to g fle reconsincions ‘Gamma index anayss (-00%) ostal 84.1% (09889) 91.6% (09901)
Mo 100.0% (0.9947) 986% (09954)
Prosmal 99.4% (09983 909% 09971)

Thoso moastsamants inctaid cauing 0 oso measuremont agroomant wih 12 smalszo knzaton chambors (G, and cacubing gamma indox andysis pas rtes
Caaahos Bibeton o S FHCOAMMOIBIAS SAF Mlieeat aas a5 bl 0 11 Skter dhosciar siaatiasiioics Acankiidh cxbadt i aArb o roonlts S sumeindindt





OPS/images/fonc-10-01537/fonc-10-01537-g009.gif
%00 001 002 005 0.0 005 008
B for x-rays (Gy %)





OPS/images/fonc-10-01537/math_1.gif
RBE

Dose (photons)

Dose (neutrons)

[©





OPS/images/fonc-10-01537/math_2.gif
Dose (neutrons) =

Dose (photons)

@)





OPS/images/fonc-10-01537/math_3.gif





OPS/images/fonc-10-01537/fonc-10-01537-g005.gif
et s 203310001

Eee—






OPS/images/fonc-10-01537/fonc-10-01537-g006.gif
o 5 W 15 20
Neutron Dose per Fracton(Gy)

14 o]

J 5 0 16 20
Proton Dose per Fraction(Gy)





OPS/images/fonc-10-01537/fonc-10-01537-g007.gif
°8 oz er o6 G 10
o for xetaps (O





OPS/images/fonc-10-01537/fonc-10-01537-g008.gif
%% 0wz 06s 0% 0@ 010





OPS/images/fonc-10-01537/fonc-10-01537-g003.gif





OPS/images/fonc-10-01537/fonc-10-01537-g004.gif





OPS/images/fonc.2021.601784/table2.jpg
Patient ID

n. monitored fractions
<0>

<0,>

So

Sq,

PZA

6
(1.56 + 0.02) cm
(1.08 + 0.02) cm
0.05 cm
0.03 cm

PZB

10

(1.58 + 0.03) cm

(1.09 + 0.02) cm
0.08 cm
0.06 cm

PZC

6
(1.41 £0.02) cm
(1.17 £ 0.02) cm
0.04 cm
0.05 cm





OPS/images/fonc.2021.601784/table1.jpg
Patient ID

n. monitored fractions
n. PB

n. ions per PB

kinetic energies

PZA

6
~ 37k
10%-810°
126-297 MeV/u

PzB

10
~ 7k
10%- 1.56-10°
153-269 MeV/u

PzC

6
~ 33k
10* - 7-10°
126-278 MeV/u





OPS/images/fonc.2021.601784/im4.jpg
1/VN





OPS/images/back-cover.jpg
Advantages
of publishing
in Frontiers






OPS/images/fonc-10-01368/fonc-10-01368-t001.jpg
Characteristic

Sex
Male
Female
Age (years)
Median
Range
Histology
Chondrosarcoma
Rhabdomyosarcoma
Spindle cell sarcoma
Osteosarcoma
Pleomorphic sarcoma
Others 1-2 of each
T-classification
1
2
3
4
N-classification
0

1
2
3
Re-irradiation
Yes
No
Second primary
Yes
No
Surgery
RO+ R1
R2 -+ biopsy + no surgery
Chemotherapy
Yes
No
PBRT types.
PRT
CRT
PRT + CIRT
GTV (em)
Median
Range

37
25

28

17
5

12
50

15
a7

17
45

53

PRT, proton radiotherapy; CIRT, carbon-ion radiotherapy.

38
14-71

47.45
0-1003.97

59.7
403

45.2
129
9.7
97
4.8
17.7

45.2
1.6
8.1

452

98.4
1.6
0.0
0.0

27.4
726

19.4
80.6

242
758

27.4
726

8.1
85.5
6.5





OPS/images/fonc-10-01368/fonc-10-01368-t002.jpg
Toxicity Grade
1 e 3 4 5

No. % No. % No. % No. % No. %

Mucositis/mucosal necrosis 11 17.7 4 65 1 16 1 16 0
Skin 1177 1 16 0 o o
Pain 0 1 16 0 [ [
Tinnitus 1 16 0 0 [ o

PBRT was also wel-tolerated in terms of late adverse effects. Only grade 1 and grade 2
toxicities were observed except for the same patient mentioned with grade 4 acute toxicity
died of severe hemorrhage (grade 5).
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