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Abstract: In particle therapy, bioabsorbable polyglycolic acid (PGA) spacer was developed to reduce
the healthy organ irradiation dose, especially in the gastrointestinal tract. The PGA spacer is safe and
effective; however, there are no reports that have confirmed whether the PGA spacer which inserted
in the body actually stops the carbon-ion (C-ion) beams. Here, we visualized and confirmed that the
PGA spacer stops the C-ion beams in the body based on the dose distribution using auto-activation
positron emission tomography (AAPET). A 59-year-old dedifferentiated retroperitoneal liposarcoma
patient underwent C-ion radiotherapy (C-ion RT) on referral. A month before C-ion RT initiation, the
patient underwent PGA spacer placement. Postoperatively, the patient received 4.4 Gy (RBE) per
fraction of C-ion RT, followed by AAPET. AAPET revealed lower positron emitter concentrations
at the distal tissue ventral to the PGA spacer than in the planning target volume. In observing the
efficacy of the PGA spacer, the AAPET images and the average count per second of the positron
emitter suggested that the PGA spacer stopped the C-ion beams in the body in accordance with the
dose distribution. Therefore, AAPET was useful in confirming the PGA spacer’s effectiveness in this
study, and the PGA spacer stopped the C-ion beams.

Keywords: auto-activation positron emission tomography; bioabsorbable polyglycolic acid spacer;
carbon-ion radiotherapy; Bragg peak; positron emission tomography

1. Introduction

Carbon-ion radiotherapy (C-ion RT) has biological and physical advantages compared
to photon therapy, and there are favorable clinical outcomes for various cancers [1–5].
Biologically, C-ion RT has a higher cell-killing effect due to its high linear energy transfer
to radioresistant tumors, such as malignant melanoma, bone and soft tissue sarcoma, and
hypoxic tumors [3–6]. Furthermore, C-ion RT has higher dose localization properties than
photon therapy, including intensity-modulated and stereotactic body radiotherapies, owing
to the distal tail-off due to the Bragg peak and sharp lateral penumbra, enabling high
dose administration [7]. However, C-ion RT cannot be performed for tumors close to or
attached to the gastrointestinal (GI) tract due to the high risk of severe toxicity except with
the surgical insertion of a spacer that physically separates the tumor from the GI tract.
The spacer stops the C-ion beams at the distal end or reduces the radiation dose to the
lateral penumbra by keeping a distance from the GI tract [8–11]. Previously, Gore-Tex
sheets were used as spacers, and a favorable clinical result for C-ion RT patients was
reported [12]. However, there were infection risks and adverse effects on the GI tract due
to using Gore-Tex sheets for an extended period after C-ion RT. Recently, bioabsorbable
polyglycolic acid (PGA) spacer (Alfresa Pharma Corporation, Osaka, Japan) was developed
in Japan, and the mainstream of spacer-placement options shifted from Gore-Tex sheets
to the PGA spacer [8,10,11]. This is due to the PGA spacer’s safety compared to Gore-Tex
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sheets owing to the PGA spacer absorption 32 weeks after the placement. Furthermore,
infection risks and adverse effects on the GI tract will be reduced. However, the PGA spacer
would be absorbed to some degree during the treatment, the C-ion beam range may change
unexpectedly, and the stopping power of the spacer may be reduced by carbon dioxide
(CO2) generated during the spacer decomposition [8]. No reports have confirmed that the
inserted PGA spacer stops the C-ion beams based on the dose distribution.

Regarding dose distribution estimation, the usefulness of images owing to the de-
tection of annihilation gamma rays (pair of 511 keV photons) using positron emission
tomography (PET) and Compton camera after C-ion RT are reported [13–15]. Positron emit-
ters are generated from nuclear interactions between incoming C-ions and target materials,
whereas annihilation gamma rays are produced through the annihilation of a positron
with an electron. Thus, the positron emitter distribution imaged by the PET or Compton
camera correlates with the dose distribution of C-ion RT. Hence, this study visualizes and
confirms that the PGA spacer stops the C-ion beams in the body in accordance with the
dose distribution using auto-activation PET (AAPET).

2. Materials and Methods
2.1. Patient and Carbon-Ion Radiotherapy

A 59-year-old male Japanese patient with dedifferentiated retroperitoneal liposarcoma
(clinical T2N0M0 Stage IIIA, based on the eighth edition of the Union for International
Cancer Control/American Joint Committee on Cancer TNM staging system) was referred
to Gunma University Heavy Ion Medical Center (GHMC) (Figure 1A–E) [16]. The patient
had a liposarcoma sub nodule attached to the small intestine. A month before initiating
C-ion RT, the patient underwent a sub nodule resection surgery, a PGA spacer placement
for the main tumor, and a colostomy. In C-ion RT, a heavy-ion accelerator at the GHMC
generated C-ion beams. Beam energies of 290 MeV/u in the vertical beam and 400 MeV/u
in the horizontal beam were selected based on the tumor depth. C-ion RT doses were
expressed as relative biological effectiveness (RBE) weighted dose (Gy (RBE)), defined
as the physical dose multiplied by the C-ions RBE [17]. Treatment planning computed
tomography (CT) images and contrast-enhanced magnetic resonance images were merged
to precisely delineate the target. The gross tumor volume (GTV) and the clinical target
volume (CTV) were also delineated. The CTV was obtained using a margin with an
anatomical compartment of muscle or bone or at least a 5 mm margin around the GTV to
include microscopic diseases. The planning target volume (PTV) included the CTV with
a 3-mm margin for possible positioning errors. When the CTV overlapped with the PGA
spacer, the margin was reduced accordingly. In contrast, PTV and PGA spacer overlap
were acceptable, with no margin correction. When the PTV overlapped with an organ
at risk (OAR), the margin was reduced accordingly. The PTV was 650 cm3. The dose
distribution was calculated by estimating PGA stopping power using the stopping power
of water. C-ion RT was subsequently performed using layer-stacking irradiation [18]. The
administered dose of C-ion RT was 70.4 Gy (RBE) in 16 fractions for four weeks (4.4 Gy
(RBE) per fraction). Figure 1F presents the dose distribution of the treatment plan. Informed
consent was obtained from the patient before therapy initiation, and the ethics committee
of the Gunma University Graduate School of Medicine approved this study in accordance
with the Declaration of Helsinki.

2.2. Auto-Activation Positron Emission Tomography

A clinical PET-CT scanner (Eminence STARGATE; Shimadzu Corporation, Kyoto,
Japan) acquired the distribution of positron emitters after C-ion irradiation. Auto-activation
PET-CT was performed in the third and fifth fractions of the 16 fractions. In this study,
the beam angle was selected such that the C-ion beam stopped at the PGA spacer placed
between the distal end of the tumor and the proximal end of the GI tract. This irradiation
was performed using a 180◦ vertical beam. The irradiation time of the C-ion beams was
248 and 260 s for the third and fifth fractions, respectively. After the irradiation, the patient
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was immediately taken to a PET room near the treatment room and placed in a supine
position, and the PET-CT scan was started 10 min after C-ion RT. Subsequently, the PET and
CT images simultaneously taken were merged using the coordinate matching technique for
comparison with the dose distribution of the treatment plan. The average count per second
(CPS) of the positron emitters was calculated in the following areas: PTV, the PGA spacer,
the distal tissue ventral to the PGA spacer (out of the irradiation field at the distal side),
and the right side of the abdomen (out of the irradiation field on the lateral side). Figure 2
presents a schematic CT image of the CPS estimation area. The CPS were compared using
t-tests for all combinations. Statistical significance was set at p < 0.05. Additionally, we
measured the average CT value of the spacers on the treatment planning CT and the CT
images taken at the third and fifth fractions.
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Figure 1. Radiological images before C-ion RT and dose distribution. (A) Contrast-enhanced CT. 
The yellow arrow reveals the tumor. (B) FDG-PET/CT. The yellow arrow reveals the tumor with an 
abnormal FDG uptake (standardized uptake value max = 32.67). (C) FDG-PET/CT. The green arrow 
presents the sub nodule with an abnormal FDG uptake (standardized uptake value max = 8.98). (D) 
CT images after the spacer placement. The yellow arrow reveals the tumor, and the blue arrow 
presents the spacer. (E) Contrast-enhanced magnetic resonance image of the spacer placement. The 
yellow arrow reveals the tumor, and the blue arrow shows the spacer. (F) Dose distribution on axial 
CT images. The area within the red outline is the tumor. Highlighted are the 95% (red), 90% (yellow), 
80% (green), 70% (deep blue), 60% (magenta), 50% (purple), 30% (blue), and 10% (light blue) isodose 
curves (100% was 70.4 Gy (RBE)). 
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Figure 1. Radiological images before C-ion RT and dose distribution. (A) Contrast-enhanced CT.
The yellow arrow reveals the tumor. (B) FDG-PET/CT. The yellow arrow reveals the tumor with
an abnormal FDG uptake (standardized uptake value max = 32.67). (C) FDG-PET/CT. The green
arrow presents the sub nodule with an abnormal FDG uptake (standardized uptake value max = 8.98).
(D) CT images after the spacer placement. The yellow arrow reveals the tumor, and the blue arrow
presents the spacer. (E) Contrast-enhanced magnetic resonance image of the spacer placement. The
yellow arrow reveals the tumor, and the blue arrow shows the spacer. (F) Dose distribution on axial
CT images. The area within the red outline is the tumor. Highlighted are the 95% (red), 90% (yellow),
80% (green), 70% (deep blue), 60% (magenta), 50% (purple), 30% (blue), and 10% (light blue) isodose
curves (100% was 70.4 Gy (RBE)).
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Figure 2. Contours on CT images used in CPS calculations. The red, light green, light blue, yellow,
and blue outlines area and arrows reveal the tumor, PTV, the PGA spacer, distal tissue ventral to the
PGA spacer (out of the irradiation field at the distal side), and the right side of the abdomen (out of
the irradiation field on the lateral side).
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3. Results

The patient completed C-ion RT as scheduled. Six months after initiating C-ion
RT, the patient developed no toxicities. The AAPET images were merged with the CT
images simultaneously taken. Figures 3A and 4A present the dose distribution with the
180◦ beam in the treatment planning, Figures 3B and 4B present the CT images taken
simultaneously using the PET scan, Figures 3C and 4C present the AAPET images before
merging, whereas Figures 3D and 4D present the AAPET images after merging with the CT
images. Figures 3D and 4D reveal that the positron emitter distribution was consistent with
the high-dose areas of C-ion RT and that the positron emitter concentration in the distal
tissue ventral to the PGA spacer was lower than that in the PTV. The spacer volume on the
treatment planning CT and the CT images taken at the third and fifth fraction did not differ
(134.8 cm3, 135.0 cm3, and 135.1 cm3, respectively); however, the mean CT Hounsfield unit
(HU) values were 65.32 HU, 37.36 HU, and 29.75 HU, respectively. The overlap between the
PGA spacer and the PTV was 0–3 mm, and the spacer thickness was 8–11 mm without PTV
overlap. Figure 5 shows the average and standard deviations for all pixel value data for the
CPS of the positron emitter in both the third and fifth fraction images. Additionally, the
CPS of the positron emitter in the PTV, the PGA spacer, the distal tissue ventral to the PGA
spacer (out of the irradiation field at the distal side), and the right side of the abdomen (out
of the irradiation field on the lateral side) were 13.8 ± 6.9, 6.1 ± 4.1, 3.9 ± 2.6, and 1.1 ± 1.3,
respectively (Figure 5). The CPS of the positron emitter in the distal tissue ventral to the
PGA spacer and the right side of the abdomen presented a significantly lower concentration
than those in the PTV (each p-value < 0.05). These AAPET images and the average CPS of
the positron emitter suggested that the PGA spacer stopped the C-ion beams in the body in
accordance with the dose distribution.
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Figure 3. Dose distribution of C-ion RT and AAPET images with a 180◦ beam in the third fraction.
(A) Dose distribution of C-ion RT with 180◦ beam. The area within the red outline is the tumor.
Highlighted are the 95% (red), 90% (yellow), 80% (green), 70% (deep blue), 60% (magenta), 50%
(purple), 30% (blue), and 10% (light blue) isodose curves (100% was 4.4 Gy (RBE)). (B) CT image
simultaneously taken with the PET scan. The area within the yellow outline is the spacer. (C) AAPET
image. (D) Positron emitter distributions obtained using merged CT and AAPET images. The area
within the yellow outline is the spacer.
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Figure 4. Dose distribution of C-ion RT and AAPET images with a 180◦ beam in the fifth fraction.
(A) Dose distribution of C-ion RT with 180◦ beam. The area within the red outline is the tumor.
Highlighted are the 95% (red), 90% (yellow), 80% (green), 70% (deep blue), 60% (magenta), 50%
(purple), 30% (blue), and 10% (light blue) isodose curves (100% was 4.4 Gy (RBE)). (B) CT image
simultaneously taken with the PET scan. The area within the yellow outline is the spacer. (C) AAPET
image. (D) Positron emitter distributions obtained by merged CT and AAPET images. The area
within the yellow outline is the spacer.
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Figure 5. Counts per second of positron emitters in the planning target volume, the bioabsorbable
PGA spacer, the distal tissue ventral to the PGA spacer, and the right side of the abdomen (out of the
irradiation field). Data were presented as the mean ± standard deviation for all pixel value data in
both the third and fifth fraction images for each contour. Data were compared for all combinations,
and p-values were less than 0.05 for all tests.

4. Discussion

Using AAPET, we visualized and confirmed that the PGA spacer stops the C-ion
beams in the body in accordance with the dose distribution. To the best of our knowledge,
this is the first report to visualize and confirm the effectiveness of the bioabsorbable PGA
spacer in stopping C-ion beams in the body.
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The safety of the PGA spacer has been reported [8], and another report of dosimetric
comparison in a simulation study revealed that the PGA spacer improves dose distribu-
tion [10]. In this case, the tumor was close to the GI tract, and the PGA spacer was inserted,
resulting in a reduced C-ion RT dose for the GI tract, and the treatment was safely per-
formed. After C-ion RT, no GI toxicities or spacer-related toxicities were observed. This safe
treatment is probably due to the ≥8 mm spacer thickness without PTV overlap, sufficiently
reducing the C-ion dose to the distal tissue ventral to the PGA spacer. In contrast, the
period between diagnosis and C-ion RT initiation was two months, and tumor growth was
observed (Figure 1A,E). Notably, for an extended waiting period, especially for rapidly
growing tumors, it is possible to miss the timing of the local treatment; therefore, efforts
should be made to shorten the waiting period between the diagnosis, spacer insertion, and
C-ion RT initiation.

The PGA spacer eventually decomposes into water and CO2; therefore, the CO2 gas
generated by the PGA spacer decomposition might be stored in the spacer. Stopping the
C-ion beams at the distal end requires materials (e.g., water) with the stopping power
inside the spacer, and if the inside of the spacer is air such as CO2, the C-ion beams will
pass through the spacer. Furthermore, as previously reported, the CT images taken at the
third and fifth irradiation compared to the treatment planning CT revealed decreased CT
values of the PGA spacer [11]. However, the change in CT values was slight, and the range
of the C-ion beam inside the PGA was approximately 2–3%. Moreover, no apparent void
areas due to gas generation were observed within the PGA. Therefore, the C-ion beams
would have stopped at almost the same location as in the treatment plan. This can be
confirmed using the PET images, which reveal a significantly higher CPS in the PTV and a
gradual decrease on its distal side (the PGA and GI region). On the other hand, a minimal
amount of gas generation is not clinically problematic. However, if the void area due to
gas generation and the CT value changes are large, the range of C-ion beams may change
when the spacer is used to stop the C-ion beams at the distal end. Therefore, evaluating the
size of the spacer, the void newly generated, and the CT values of the spacer are necessary
during the treatment. Suppose the spacer undergoes such a change, AAPET imaging can
confirm that the irradiated area is consistent with the dose distribution.

Comparing the CPS between the right side of the abdomen (out of the irradiation field
on the lateral side) and the distal tissue ventral to the PGA spacer (out of the irradiation
field at the distal side), the CPS in the distal tissue ventral to the PGA spacer was slightly
higher than that of the right side of the abdomen. In C-ion RT, the nuclear reactions produce
an excess dose at the terminal end of the Bragg peak (the fragment tail), and a previous
phantom study reported that the fragment tail of C-ion beams is extended on the distal side,
which could be confirmed using AAPET [19]. In this study, we confirmed the fragment tail
of C-ion beams using AAPET. We considered that our CPS in the distal tissue ventral to the
PGA spacer, which is higher than that on the right side of the abdomen, would express the
fragment tail with a low dose of C-ion beams. The washout effect should be considered
when estimating the C-ion beam range using AAPET [15,20]. However, there are no blood
or lymphatic vessels within the PGA, and the washout effect should be smaller than in the
PTV region.

This study had limitations. In our facility, the PET is located separately from the
treatment room owing to its large size. Thus, it is impossible to monitor in real time using
PET during C-ion RT irradiation. Therefore, only confirming the irradiated area after
irradiation is feasible in our facility, and it will be challenging to apply AAPET to adaptive
C-ion RT currently.

5. Conclusions

We observed the PGA spacer efficacy using AAPET, which visualized that the spacer
stopped C-ion beams in the body in accordance with the dose distribution. AAPET was
useful in confirming the PGA spacer’s effectiveness in this study, and the PGA spacer
stopped the C-ion beams, allowing for safe treatment.



Tomography 2022, 8 2345

Author Contributions: Conceptualization, S.S.; methodology, S.S. and M.S.; validation, S.S.; formal
analysis, S.S.; investigation, S.S.; resources, S.S. and M.O.; data curation, S.S.; writing—original draft
preparation, S.S. and M.S.; writing—review and editing, M.O. and T.O.; visualization, S.S. and M.S.;
supervision, T.O.; project administration, M.O.; funding acquisition, S.S. and T.O. All authors have
read and agreed to the published version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: The study was conducted according to the guidelines of the
Declaration of Helsinki and approved by the Institutional Review Board of Gunma University (date
of approval: 17 August 2021).

Informed Consent Statement: Informed consent was obtained from the patient.

Data Availability Statement: Research data are stored in an institutional repository and will be
shared upon request to the corresponding author.

Acknowledgments: The authors thank our colleagues at Gunma University Heavy Ion Medical
Center and Department of Radiation Oncology, Gunma University Graduate School of Medicine.

Conflicts of Interest: T.O. received research funding from Hitachi. All other authors have no conflicts
of interest to declare.

References
1. Shibuya, K.; Ohno, T.; Katoh, H.; Okamoto, M.; Shiba, S.; Koyama, Y.; Kakizaki, S.; Shirabe, K.; Nakano, T. A feasibility study of

high-dose hypofractionated carbon ion radiation therapy using four fractions for localized hepatocellular carcinoma measuring 3
cm or larger. Radiother. Oncol. 2019, 132, 230–235. [CrossRef] [PubMed]

2. Okonogi, N.; Ando, K.; Murata, K.; Wakatsuki, M.; Noda, S.E.; Irie, D.; Tsuji, H.; Shozu, M.; Ohno, T. Multi-Institutional
Retrospective Analysis of Carbon-Ion Radiotherapy for Patients with Locally Advanced Adenocarcinoma of the Uterine Cervix.
Cancers 2021, 13, 2713. [CrossRef] [PubMed]

3. Mohamad, O.; Imai, R.; Kamada, T.; Nitta, Y.; Araki, N.; Working Group for Bone and Soft Tissue Sarcoma. Carbon ion
radiotherapy for inoperable pediatric osteosarcoma. Oncotarget 2018, 9, 22976–22985. [CrossRef] [PubMed]

4. Koto, M.; Demizu, Y.; Saitoh, J.I.; Suefuji, H.; Tsuji, H.; Okimoto, T.; Ohno, T.; Shioyama, Y.; Takagi, R.; Nemoto, K.; et al.
Multicenter Study of Carbon-Ion Radiation Therapy for Mucosal Melanoma of the Head and Neck: Subanalysis of the Japan
Carbon-Ion Radiation Oncology Study Group (J-CROS) Study (1402 HN). Int. J. Radiat. Oncol. Biol. Phys. 2017, 97, 1054–1060.
[CrossRef] [PubMed]

5. Shinoto, M.; Yamada, S.; Okamoto, M.; Shioyama, Y.; Ohno, T.; Nakano, T.; Nemoto, K.; Isozaki, Y.; Kawashiro, S.; Tsuji, H.; et al.
Carbon-ion radiotherapy for locally recurrent rectal cancer: Japan Carbon-ion Radiation Oncology Study Group (J-CROS) Study
1404 Rectum. Radiother. Oncol. 2019, 132, 236–240. [CrossRef] [PubMed]

6. Nakano, T.; Suzuki, Y.; Ohno, T.; Kato, S.; Suzuki, M.; Morita, S.; Sato, S.; Oka, K.; Tsujii, H. Carbon beam therapy overcomes
the radiation resistance of uterine cervical cancer originating from hypoxia. Clin. Cancer Res. 2006, 12, 2185–2190. [CrossRef]
[PubMed]

7. Abe, T.; Saitoh, J.; Kobayashi, D.; Shibuya, K.; Koyama, Y.; Shimada, H.; Shirai, K.; Ohno, T.; Nakano, T. Dosimetric comparison of
carbon ion radiotherapy and stereotactic body radiotherapy with photon beams for the treatment of hepatocellular carcinoma.
Radiat. Oncol. 2015, 10, 187. [CrossRef] [PubMed]

8. Sasaki, R.; Demizu, Y.; Yamashita, T.; Komatsu, S.; Akasaka, H.; Miyawaki, D.; Yoshida, K.; Wang, T.; Okimoto, T.; Fukumoto, T.
First-In-Human Phase 1 Study of a Nonwoven Fabric Bioabsorbable Spacer for Particle Therapy: Space-Making Particle Therapy
(SMPT). Adv. Radiat. Oncol. 2019, 4, 729–737. [CrossRef] [PubMed]

9. Lorenzo, C.; Andrea, P.; Barbara, V.; Denis, P.; Rosaria, F.M.; Piero, F.; Viviana, V.; Alberto, I.; Mario, C.; Brugnatelli, S.; et al.
Surgical spacer placement prior carbon ion radiotherapy (CIRT): An effective feasible strategy to improve the treatment for sacral
chordoma. World J. Surg. Oncol. 2016, 14, 211. [PubMed]

10. Shiba, S.; Okamoto, M.; Tashiro, M.; Ogawa, H.; Osone, K.; Yanagawa, T.; Kohama, I.; Okazaki, S.; Miyasaka, Y.; Osu, N.; et al.
Rectal dose-sparing effect with bioabsorbable spacer placement in carbon ion radiotherapy for sacral chordoma: Dosimetric
comparison of a simulation study. J. Radiat. Res. 2021, 62, 549–555. [CrossRef] [PubMed]

11. Serizawa, I.; Kusano, Y.; Kano, K.; Shima, S.; Tsuchida, K.; Takakusagi, Y.; Mizoguchi, N.; Kamada, T.; Yoshida, D.; Katoh, H.
Three cases of retroperitoneal sarcoma in which bioabsorbable spacers (bioabsorbable polyglycolic acid spacers) were inserted
prior to carbon ion radiotherapy. J. Radiat. Res. 2022, 63, 296–302. [CrossRef] [PubMed]

12. Fukumoto, T.; Komatsu, S.; Hori, Y.; Murakami, M.; Hishikawa, Y.; Ku, Y. Particle beam radiotherapy with a surgical spacer
placement for advanced abdominal leiomyosarcoma results in a significant clinical benefit. J. Surg. Oncol. 2010, 101, 97–99.
[CrossRef] [PubMed]

http://doi.org/10.1016/j.radonc.2018.10.009
http://www.ncbi.nlm.nih.gov/pubmed/30366726
http://doi.org/10.3390/cancers13112713
http://www.ncbi.nlm.nih.gov/pubmed/34072676
http://doi.org/10.18632/oncotarget.25165
http://www.ncbi.nlm.nih.gov/pubmed/29796166
http://doi.org/10.1016/j.ijrobp.2016.12.028
http://www.ncbi.nlm.nih.gov/pubmed/28332989
http://doi.org/10.1016/j.radonc.2018.10.007
http://www.ncbi.nlm.nih.gov/pubmed/30360998
http://doi.org/10.1158/1078-0432.CCR-05-1907
http://www.ncbi.nlm.nih.gov/pubmed/16609033
http://doi.org/10.1186/s13014-015-0491-8
http://www.ncbi.nlm.nih.gov/pubmed/26377092
http://doi.org/10.1016/j.adro.2019.05.002
http://www.ncbi.nlm.nih.gov/pubmed/31673666
http://www.ncbi.nlm.nih.gov/pubmed/27507254
http://doi.org/10.1093/jrr/rrab013
http://www.ncbi.nlm.nih.gov/pubmed/33783533
http://doi.org/10.1093/jrr/rrac002
http://www.ncbi.nlm.nih.gov/pubmed/35152291
http://doi.org/10.1002/jso.21417
http://www.ncbi.nlm.nih.gov/pubmed/19798696


Tomography 2022, 8 2346

13. Bauer, J.; Unholtz, D.; Sommerer, F.; Kurz, C.; Haberer, T.; Herfarth, K.; Welzel, T.; Combs, S.E.; Debus, J.; Parodi, K. Implementation
and initial clinical experience of offline PET/CT-based verification of scanned carbon ion treatment. Radiother. Oncol. 2013, 107,
218–226. [CrossRef] [PubMed]

14. Parajuli, R.K.; Sakai, M.; Kada, W.; Torikai, K.; Kikuchi, M.; Arakawa, K.; Torikoshi, M.; Nakano, T. Annihilation gamma imaging
for carbon ion beam range monitoring using Si/CdTe Compton camera. Phys. Med. Biol. 2019, 64, 055003. [CrossRef] [PubMed]

15. Ammar, C.; Frey, K.; Bauer, J.; Melzig, C.; Chiblak, S.; Hildebrandt, M.; Unholtz, D.; Kurz, C.; Brons, S.; Debus, J.; et al. Comparing
the biological washout of β+-activity induced in mice brain after 12C-ion and proton irradiation. Phys. Med. Biol. 2014, 59,
7229–7244. [CrossRef] [PubMed]

16. Brierley, J.; Gospodarowicz, M.; Wittekind, C. International Union Against Cancer (UICC): TNM Classification of Malignant Tumours,
8th ed.; Wiley-Blackwell: Oxford, UK, 2017.

17. Inaniwa, T.; Kanematsu, N.; Matsufuji, N.; Kanai, T.; Shirai, T.; Noda, K.; Tsuji, H.; Kamada, T.; Tsujii, H. Reformulation of a
clinical-dose system for carbon-ion radiotherapy treatment planning at the National Institute of Radiological Sciences, Japan.
Phys. Med. Biol. 2015, 60, 3271–3286. [CrossRef] [PubMed]

18. Noda, K. Beam Delivery Method for Carbon-ion Radiotherapy with the Heavy-ion Medical Accelerator in Chiba. Int. J. Part. Ther.
2016, 2, 481–489. [CrossRef] [PubMed]

19. Sun, L.; Hu, W.; Lai, S.; Shi, L.; Chen, J. In Vivo 3-D Dose Verification Using PET/CT Images after Carbon-Ion Radiation Therapy.
Front. Oncol. 2021, 11, 621394. [CrossRef] [PubMed]

20. Shiba, S.; Sakai, M.; Okamoto, M.; Ohno, T. Visualisation of Range Shortening in Carbon Ion Beams and Washout of Positron
Emitter: First-in-Human Report. In Vivo 2021, 35, 3521–3526. [CrossRef] [PubMed]

http://doi.org/10.1016/j.radonc.2013.02.018
http://www.ncbi.nlm.nih.gov/pubmed/23647759
http://doi.org/10.1088/1361-6560/ab00b2
http://www.ncbi.nlm.nih.gov/pubmed/30669125
http://doi.org/10.1088/0031-9155/59/23/7229
http://www.ncbi.nlm.nih.gov/pubmed/25383509
http://doi.org/10.1088/0031-9155/60/8/3271
http://www.ncbi.nlm.nih.gov/pubmed/25826534
http://doi.org/10.14338/IJPT-15-00041.1
http://www.ncbi.nlm.nih.gov/pubmed/31772960
http://doi.org/10.3389/fonc.2021.621394
http://www.ncbi.nlm.nih.gov/pubmed/33791210
http://doi.org/10.21873/invivo.12654
http://www.ncbi.nlm.nih.gov/pubmed/34697190

	Introduction 
	Materials and Methods 
	Patient and Carbon-Ion Radiotherapy 
	Auto-Activation Positron Emission Tomography 

	Results 
	Discussion 
	Conclusions 
	References

