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Planning strategies for robust carbon-ion scanning radiotherapy for stage | esophageal cancer
Makito Suga
1. Introduction

Carbon-ion radiotherapy is a type of particle therapy, that has Bragg peaks and is more dose-
concentrated than photon radiotherapy. However, while carbon-ion radiotherapy offers many advantages,
it is very sensitive to density changes in the beam path. This can lead to unexpected reductions in target
coverage and high irradiation doses to organs at risk (OAR). Therefore, developing a treatment planning
strategy that thoroughly evaluates uncertainties and accounts for them will lead to safer high-precision
carbon-ion radiotherapy. Carbon-ion radiotherapy for stage | esophageal cancer has achieved results
comparable to those of surgery, and demand is expected to grow further in the future. To date, no study
has reported the PTV margin of carbon beam therapy for stage | esophageal cancer, and values obtained
from clinical experience have been used, but there is no clear evidence to support the use of this value.
Therefore, PTV margin should be set with firm consideration of changes during treatment (inter-
fractional and intra-fractional). In addition, for density changes along the beam path that can not be
considered in the PTV margin, there is a risk of the unexpected collapse of the dose distribution due to
range changes. Therefore, it is necessary to make a robust treatment planning method for PTV margins
and density changes on the beam path for carbon-ion radiotherapy for stage | esophageal cancer. In this
study, we determined the PTV margin in carbon-ion scanning therapy (CIRTS) for stage | esophageal
cancer. Furthermore, a robust planning method for density changes using CT value replacement was
examined.

2. Materials and methods

The clinical data from seven patients treated with CIRTSs for stage | esophageal cancer were used to
analyze setup error, inter-fractional and intra-fractional motion error. Ultimately, the determination of
the planning target volume (PTV) margin was based on the accuracy of the treatment system. The
patient's positioning error was determined from the positional error between the digital reconstruction
radiograph (DRR) image and the final patient setup X-ray image. To evaluate intra-fractional target
motion, the clip’s movement during maximum expiration using serial X-ray images were measured. To
evaluate inter-fractional target motion, the GTV positions during maximum expiration were compared
between treatment planning images and in-room CT images.

While assessing the dose distribution during treatment with in-room CT images, it was observed that
the target coverage was insufficient. Changes in patient body thickness and shift in the OAR position
near the target may have contributed to the reduced target coverage. First, we assessed the changes in
the patient's body thickness during the treatment period affected target coverage. To match the body
thickness in the in-room CT image with that in the treatment planning CT image, the body thickness in
the in-room CT image was adjusted virtually using CT value replacement. Dose distributions were

calculated from in-room CT images after body shape adjustment to evaluate changes in target coverage



due to changes in body thickness. Next, we evaluated the effect of inter-fractional OAR position
variation on the pharynx and trachea. These are air masses with a constant volume, and we thought that
changes in position would affect the target coverage. As with the Inter-fractional target motion, the
analysis was performed using treatment planning CT images and in-room CT images to evaluate the
displacement of the OAR position during the treatment period. Finally, to evaluate the robustness of the
treatment plan with CT value replacement, we replaced the CT values in the air layer adjacent to the
target with the average CT values of the target and air. Then, the change in target coverage resulting
from replaced CT values was calculated using in-room CT.
3. Results and discussion

The mean setup error was within 1.0 mm and, our study showed a good setup accuracy. The Intra-
fractional target motion was approximately 2.8 mm. Inter-fractional target motion was larger in the SI
direction than in the other directions, with a maximum value of approximately 5.0 mm. Consequently,
the PTV margin calculated from the square root of the sum of the squares of the setup margin and the
internal margin in each direction was 6.5 mm in the body axis direction and 6.8 mm in the depth direction.

Our results showed that the effect of changes in patient body thickness during the treatment period on
target coverage was minimal. The inter-fractional OAR position variation was slightly larger in the Sl
direction, like the Inter-fractional target motion. Target coverage for treatment plans optimized with CT
value replacement was significantly superior to treatment plans optimized without CT value replacement.
This method can make robust treatment planning for density changes that can’t be considered in the
PTV margin.
4. Conclusion

Our research has presented a method for determining the PTV margin and shown that density
replacement can be used to develop a robust treatment plan for patients undergoing CIRTSs for esophageal
cancer. This approach is independent of specific software or equipment, making it feasible for
implementation across diverse clinical settings without any specific prerequisites. Its adoption holds

promise for elevating target coverage and advancing patient outcomes.



