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The Research Center for Charged Particle Therapy (hereafter, 
the “Center”) was established in 1993 when NIRS completed 
construction of the HIMAC. Since then it has been carrying 
out clinical, biological and physics research using heavy ions 
generated from the HIMAC. After accumulating clinical experi-
ences of carbon ion radiotherapy in various types of malignant 
tumors, the Center was successful in obtaining approval from 
the Ministry of Health, Welfare and Labor for “Highly Advanced 
Medical Technology” in 2003. Thus in the meanwhile, carbon 
ion therapy achieved for itself a solid place in general prac-
tice of cancer treatment. The HIMAC has also served >700 
researchers as a multi-user utilization facility for medical, bio-
logical and physics research, including more than 100 foreign 
researchers.

In 2011, when the Third Mid-Term Plan of NIRS was initiated, 
the Center was reorganized to conduct intensive research on 
heavy ion beams using carbon ions and development of more 
patient friendly next generation heavy ion treatment systems. 
This R&D will contribute to the long-term improvement of can-
cer treatment and quality of life of patients. For this aim, the 
Center is organized into four research programs, the depart-
ment of physics（Director: Koji Noda, and the hospital (Director: 
Yutaka Ando). In the following, summaries from fiscal year (FY) 
2015 on Progress of research and practice are presented for: 
1) Research program for carbon ion therapy and diagnostic 
imaging (Program Leader: Hiroshi Tsuji); 2) Medical physics 
research program for development of a novel irradiation system 
for charged particle therapy (PL: Toshiyuki Shirai); 3) Advanced 
radiation biology research program (PL: Takashi Imai); 4) 
Research Program for the application of heavy ions in medical 
sciences (PL: Takeshi Murakami); and 5) Hospital. 

①	Research program for carbon ion therapy and di-
agnostic imaging (PL: Hiroshi Tsuji)
The Program of Research on the Standardization and 

Clarification of Charged Particle Therapy consists of the Clinical 
Trial Research Team, Applied PET Research Team, Applied MRI 
Research Team, and Clinical Database Research Team. All the 
teams are performing research and development on charged 
particle therapy. Progress of research in each team is summa-
rized below. As of January 2016, a total of 9,716 patients had 
been treated with carbon ion beams at NIRS. Carbon ion radio-
therapy of these patients was carried out as more than 60 dif-
ferent phase I/II or phase II clinical trials or advanced medicine 
(HAMT; Highly advanced medical technology). Six hundred 

and ninety-five patients were treated as new patients from 
April 2015 to January 2016. This number will increase to about 
750 at the end of March 2016 and will be comparable to that 
of last FY. Prostate, bone and& soft tissue, head & neck, lung, 
and liver are the leading 5 tumors sites. Recently the numbers 
of pancreatic tumor and recurrent rectal cancer cases have 
increased significantly. Clinical trials for pancreas, esophagus, 
uterus and kidney cancer are being conducted and patient 
enrollment has progressed. As advancement of hypofraction 
of carbon ion therapy, the single session treatment for lung 
cancer and 12-fraction treatment for prostate cancer could be 
established and their application as advanced medicine was 
started. Scanning irradiation became available for the routine 
treatment of less mobile targets in the head & neck or pelvic 
region. Actually more than 1000 patients could be safely and 
efficiently treated with scanning at the New Treatment Research 
Facility. In addition, the clinical trial aiming to verify safety and 
steadiness of the respiratory-gated scanning system was car-
ried out in 10 patients with a tumor in the chest or abdomen. 
The new working group, named J-CROS Japanese Carbon 
ion Radiation Oncology Study group, for the multi-institutional 
clinical trial of carbon ion therapy was established in 2014. It 
originally consisted of members from four operating carbon 
ion therapy facilities in Japan, the NIRS, the HIBMC in Hyogo, 
the GHMC in Gunma, and the HIMAT in Saga. A new institute 
i-ROCK in Kanagawa recently started carbon ion therapy and  
members of i-ROCK joined J-CROS last year. J-CROS per-
formed data collection from the original four institutes for retro-
spective analysis and to plan a protocol for prospective clinical 
studies for major tumor sites. 

  
②	Medical physics research program for develop-

ment of a novel irradiation system for charged 
particle therapy (PL: Toshiyuki Shirai)
This program consists of the Beam Delivery System 

Research Team, Treatment Planning System Research Team, 
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Radiation Effect Research Team, Experimental Therapy 
Research Team, and Image Guided Radiotherapy Research 
Team. We started the clinical trial of scanning irradiation for 
moving targets in March 2015. The number of the treated pa-
tients was 10 until January 2016 and the targets have been 
lung and liver. Treatment for the pancreas is being planned. 
We have used the fast rescanning irradiation system and the 
markerless fluoroscopic respiration gating system in the clini-
cal trial. The transportation and the assembling of the rotating 
gantry with the superconducting magnets was started at NIRS 
in February 2015. The superconducting magnets was cooled 
down to 4K successfully in August 2015 and the construction 
was finished in September 2015. The beam commissioning has 
been carried out since November 2015 after receiving permis-
sion for the radiation control authority. The beam quality at the 
gantry iso-center is improved from that of the other treatment 
rooms and the beam spot size is about half that previously 
available with the low beam energy.

③	Advanced radiation biology research program 
 (PL: Takashi Imai)

This program consists of the Cancer System Biology Team, 
Cancer Metastasis Research Team, and Radio-Redox-Response 
Research Team. In this third Mid-Term Plan of the NIRS, we 
have studied mainly the following 4 subjects for the improve-
ment of long-term survival. First, in order to improve our un-
derstanding about the mechanism of tumor recurrence after 
a course of radiation treatments, we established radiation 
resistant cancer cell lines by delivering repeated exposures to 
X-rays or C-ion beams. Furthermore, we established new radia-
tion resistant tumor models in vivo. Local tumors on the NR-S1 
grafted C3H mouse models were irradiated with a total dose of 
180 Gy of gamma-ray and 90 Gy of C-ion beams, respectively. 
Characterization of these new in vitro and in vivo models is on-
going. Second, to obtain evidence for expansion of the range 
of application of combination therapy of C-ion irradiation and 
dendritic cell-immunotherapy, we evaluated the combination 
effects using several types of tumor/host models. A detailed 
report is highlighted elsewhere. Third, we have analyzed what 
causes invasion of some particular cancer cells after irradia-
tion. We previously reported that C-ion enhanced invasion of 
one pancreatic cancer cell line, PANC-1, and one glioblastoma 
cell line, SF126, although they were very infrequent events. 
Most of the invaded PANC-1 cells exhibited nitric oxide (NO) 
production and activation of NOS-NO-PI3K-AKT-GIRDIN - (actin 
organization and lamellipodia formation) pathway. We showed 
that inactivation of any of these proteins in this pathway caused 
suppression of the irradiation-induced invasion. Finally, we 
have studied possible applications of radioprotective agents, 
such as anti-reactive oxygen species, to protect normal tissue 
surrounding tumor cells during radiation therapy. Detailed re-
sults of this study are also highlighted elsewhere.

④	Research Program for the application of heavy 
ions in medical sciences (PL: Takeshi Murakami)
This program consists of the (1) Heavy-Ion Radiotherapy 

Promotion Team, (2) HIMAC Research Collaboration Team, 
(3) Cellular and Molecular Biology Research Team, and (4) 
International Radiotherapy Joint Research Team. The following 
main activities were carried out in FY 2015.
(1) Promotion of Carbon Ion Radiotherapy. 

The wide range of knowledge and know-how is necessary 
for promotion of carbon ion radiotherapy. Research and analy-
ses of technical developments, treatment procedures, and 
the social environment surrounding carbon ion radiotherapy 
were carried out. Procedures for transferring these results and 
know-how to new projects were also established. Contributions 
to new projects such as at Saga and Kanagawa were made. 
Training of human resources is also an important activity. Many 
kinds of training courses have been established, and more than 
200 trainees, including Japanese and non-Japanese medical 

doctors, medical physicists, technologists, etc., finished the 
courses during the past five years.
(2) Promotion of collaborative research, international as well as 
domestic. 

Since 1994, HIMAC has accepted researchers from all over 
the world in the field of ion-beam sciences other than carbon 
ion radiotherapy. There are four experimental halls (Physics, 
Biology, Secondary beam and Medium-energy halls) as well 
as three treatment rooms at HIMAC. During the daytime from 
Tuesday through Friday, HIMAC is operated for patient treat-
ments. At nights and weekends the four halls can be used for 
various experiments using various ion beams. The latter frame-
work is specified as “The Research Project with Heavy Ions at 
NIRS-HIMAC”. More than 120 proposals were accepted and 
carried out every year. The beam time of more than 5,000 hours 
per year was supplied to those research studies. The Research 
Project with Heavy Ions at NIRS-HIMAC is a centerpiece of 
collaborative research using heavy ions, and this program is 
deeply embedded in the operation of the whole project. 

⑤	Hospital, Research Center for Charged Particle 
Therapy (Director: Yutaka Ando) 
The Research Center Hospital for Charged Particle Therapy 

of the NIRS is unique in its specialization in radiotherapy for 
cancer. The hospital is designed for radiotherapy especially 
carbon ion therapy and consists of the oncology department, 
diagnostic radiology department and dental department. The 
hospital has 100 beds for inpatients and sees 80 to 110 outpa-
tients daily. The diagnostic radiology department has one CT-
scanner with a 64-line detector, one 1.5 T MRI, one 3.0 T MRI, 
two PET/CTs, and one gamma camera. On the other hand, 
the oncology department is equipped with 5 fixed-beam treat-
ment rooms for carbon ion therapy (one vertical beam room, 
one horizontal beam room and 3 rooms with both beams), one 
rotating gantry treatment room for carbon ion radiotherapy and 
one linear accelerator for x-ray therapy. The hospital performs 
radiotherapy using highly advanced medical technologies, car-
ries put clinical studies mainly using radiotherapy and diagno-
sis, and has a role as a tertiary hospital for radiation emergency 
medicine. The highly advanced medical technology program 
started from 2003, the number of applications of this technol-
ogy reached 6,234 and the number of clinical studies reached 
3,532 at the end of March 2016. From 1994 to March 2016 we 
have treated 9,766 new patients with carbon ion therapy. In 
2015 we treated 745 patients with carbon ion therapy. The gen-
der distribution of the patients treated by the particle therapy 
was 527 males and 218 females. The ratio of males to females 
was 2.41 to one. Patients living in adjacent prefectures (Chiba, 
Ibaragi, Saitama and Tokyo) to the NIRS facility represented 
54.2% of the total patients. In March 2012, we had implemented 
the Electronic Medical Record (EMR) system and developed a 
simple input method for the patient’s findings, symptoms, tumor 
responses, and toxic reactions that should be estimated by the 
physician during the clinical interview. We improved the coordi-
nation among several database systems (Hospital Information 
System, Therapy Plan Database, Treatment Management 
System, PACS and Radiology Information System for Radiation 
Therapy). These systems are connected to each other and data 
are transmitted to the destination systems.  

⑥	Department of Accelerator and Medical Physics 
(Director: Koji Noda) 
The department of accelerator and medical physics is one 

of the most active and leading departments of ion-beam radio-
therapy related applied physics in the world. Reliable operation 
of the HIMAC accelerator and beam-delivery systems, and 
continuous development of novel techniques have been keep-
ing us as the “center of excellence” in this field for many years. 
The highlights of research progress in FY 2015 are shown 
elsewhere. 
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Introduction
A lot of experience, both as knowledge and as skills, has 

been accumulated by the many years of operating and main-
taining the Heavy Ion Medical Accelerator in Chiba (HIMAC). 
Preventive maintenance has been performed to obviate the risk 
of a breakdown while operating HIMAC, including carrying out 
the component checks and replacements recommended by 
the component manufacturers. Manufacturers’ recommenda-
tions assume use in a general environment, but it is well-known 
that the life of a component and its breakdown rate depends on 
conditions for use such as vibration, temperature and operat-
ing hours. The experience (experiential value) obtained from 
the actual environment is also becoming important to maintain 
appropriately medical accelerators that are required to be more 
stable and reliable than accelerators used in other ways.

To make use of the experience to achieve productive main-
tenance in addition to preventive maintenance, it is useful to 
implement the PDCA (Plan-Do-Check-Action) cycle. In the 
PDCA, the causes are investigated by collecting information 
on defected events occurring during operations and checks, 
the information is analyzed, and if needed, countermeasures 
are taken. The PDCA based on quality indicators is generally 
known as a reliability monitoring method. The quality indica-
tors in reliability monitoring lead to “visualization” of the quality 
of maintenance quantitatively and are indispensable tools to 
monitor maintenance as a long-term trend. The final goal is 
the realization of more efficient and economical maintenance 
through this activity.

Index parameters for reliability monitoring of HIMAC
At first, to construct the PDCA cycle for the maintenance of 

HIMAC, we defined three index parameters, that is, Availability, 
MTTR (Mean Time To Repair) and Failure Rate as quality indi-
cators [1]. 

The Availability is the ratio of Operation Time and Machine 
Time,

where Machine Time is composed of Operation Time and 
Downtime of HIMAC. MTTR is the ratio of the Total Repair Time 
and the Number of the Repaired Failures,

The Failure Rate is the ratio of the Total Number of Failures and 

Operation Time,

We listed all failures that occurred in one month with the cause 
of each failure, the defective parts and the downtime to calcu-
late the above index parameters. Furthermore, we categorized 
these failures into three classes according to the extent of the 
impact. Table 1 shows the relation between the class of failures 
and monitoring parameters. The parameters for accelerators in-
cluding RFQ, DTL, synchrotron and beam transports and those 
for treatment rooms were calculated individually. 

Table 1  Classification of failures and monitoring parameters.

Check and evaluation of parameters
Those parameters were checked and evaluated periodically 

to proceed to the next action of the PDCA cycle. A quality re-
view meeting was held every month as an activity of the Quality 
Control Committee, QCC. The QCC consists of people from 
NIRS and the cooperating company (Accelerator Engineering 
Corporation). If the trend of parameters showed low qual-
ity, the causes were investigated and corrective actions were 
discussed in the meeting. The QCC also has a role of making 
rules about operation and maintenance for accelerators and 
treatment systems.

Availability =
Operation Time
Machine Time

=
Operation Time

Operation TIme+Downtime ,

MTTR =
Total Repair Time

Number of Repaired Failures .

Failure Rate =
Total Number of Failures

Operation Time  .

Class of Failures Definition Monitoring Parameters

Interruption Interrupt the beam supply 
or schedule. Availability

Non-interruption

No interruption of the beam 
supply or schedule, but 
repair is necessary as soon 
as possible.

MTTR

Advisory

An advisory message. 
The failure should be fixed 
at  the next  scheduled 
maintenance.

Failure Rate

Department of Accelerator and Medical Physics
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Examples of reliability monitoring
We explain one example of what we could find from the reli-

ability monitoring of HIMAC. Figure 1 shows the trend of avail-
ability for the accelerators from April 2014 to January 2015. 
The trend indicated that availability in September dropped 
to 93.5%, compared to the average availability of the same 
month in the previous fiscal year, 98.9%[2]. Figure 2 presents 
the distribution of kinds of accelerator failures in the same pe-
riod. Two kinds of failures were dominant, those of RF systems 
and of control systems of the accelerator. Figure 3 shows the 
details of causes of breakdown related to RF failures. From 
this breakdown analysis, it was clear that the number of the 
failures related to RF protection systems increased from April 
to September (There were no failures in August because it was 
the maintenance period for HIMAC). Based on this analysis we 
investigated RF protection systems.

Electric Discharge Protection, EDP, is one of the RF protec-
tion systems and it was developed to protect against dam-
age by electric discharge in an accelerator tank. The EDP 
disconnects the RF power when it senses a loss of vacuum in 
the accelerator tank. However, did not find that the RF power 
disconnections by the EDP had any correlation with the loss 
of vacuum. As a result of our investigation, the problem was 
caused by the high sensitivity of the EDP. After its threshold 
level was changed to the proper level in October, no problems 
with the EDP occurred.

Another example of reliability monitoring is shown in Fig.4. 
Figures (a) and (b) show the MTTR for the accelerators and for 
the treatment rooms. The green bars show the MTTR for inter-
ruption failures and the yellow bars show MTTR for interruption 
and non-interruption failures. The MTTR of interruption failures 
for the treatment rooms was smaller than for the accelerators. 
This was mostly because there are multiple treatment rooms. 
When one room has a failure, another room is available for 
treatment use.

 

Fig.1  Availability of accelerators.

Fig.2  Distribution of accelerator failures.

 

Fig.3  Causes related to RF failures.

(a)

 
(b)

Fig.4  MTTR for accelerators (a) and treatment rooms (b).

Conclusion
The index parameters for reliability monitoring of HIMAC were 

introduced to perform the PDCA cycle of maintenance and to 
improve reliability of the accelerators. We intend to realize more 
efficient and economical maintenance of HIMAC through this 
activity, and popularize this monitoring method of maintenance 
for facilities of particle therapy.

References
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Introduction
The cyclotron facility at NIRS supports ongoing projects in 

molecular imaging and targeted radionuclide therapy (TRT) as 
well as detector development for satellites and nuclear physics. 
Major instrumentation includes the NIRS-930 cyclotron with the 
bending limit of 110 MeV for 4He2+ particles and the focusing 
limit of 90 MeV for protons, and the HM-18 cyclotron with the 
fixed energy of 18 MeV for protons and 9 MeV for deuterons.

The NIRS-930 cyclotron, commissioned in 1973, has both 
light and heavy ion capabilities. Protons and 4He2+ ions are 
available at intensities higher than 10 eµA. Other heavy ions 
through neon are accelerated to maximum energies defined by 
K=110 q2/A. Here, q is the charge and A is the  mass number. 
All the ions are produced by an electron cyclotron resonance 
ion source with permanent magnets [1]. The ion beams are 
delivered to users for 5 days/week and 1800 hours/year. The 
NIRS-930 cyclotron is more than four decades old, and conse-
quently, the concern for its eventual failure is growing. However, 
its availability, defined as the ratio of the operated beam time 
divided by the scheduled beam time, consistently reaches 99% 
due to constant maintenance efforts. 

In contrast, the HM-18 cyclotron, introduced in 1994, is dedi-
cated to providing light ions. Because it accelerates negative 
ions, the available beam intensities are as high as 30 eµA for 
protons and 20 eµA for deuterons. The ions are used exclusive-
ly for the production of positron-emitting radionuclides, such 
as 11C, 15O, and 18F, for positron emission tomography. The ion 
beams are provided to users for 5 days/week and 1600 hours/
year. The availability is 98%.

TRT has been conducted as one of the main projects in NIRS 
and it is proposed in the next medium term plan (beginning in 
FY 2016). Radionuclides used for TRT have been produced 
using the NIRS-930 cyclotron and Table 1 summarizes their 
production reactions, beam energies, and provided beam in-
tensities. To launch a clinical TRT trial, a higher beam intensity 
is indispensable for producing an applicable amount of radio-
pharmaceuticals. The production of 211At, for instance, requires 
an intensity higher than 30 eµA for the 34 MeV 4He2+ beam [2]. 
To realize the beam intensity demands, our research effort has 
been focused on understanding the beam dynamics in the 
NIRS-930 cyclotron. The studies have involved not only a beam 
simulation [3], but also measurements of beam parameters 
such as the beam phase width. In this report, we describe the 
beam phase width measured for the NIRS-930 cyclotron. 

Measurement of the beam phase width
The beam phase width is a key parameter determining the 

beam quality and intensity. It can be roughly estimated from the 
injection efficiency without the beam buncher, and the estimated 
value is around 70 deg. However, a phase compression might 
take place in the acceleration. Thus, we measured the beam 
phase width in the acceleration for the NIRS-930 cyclotron.

Table 1  Radionuclides produced using the NIRS-930 cyclotron.

Radionuclides Reaction Beam energy
[MeV]

Beam intensity
[eµA]

89Zr 89Y(p, n)89Zr 15 10
11C 14N(p, α)11C 18 10

62Zn/62Cu natCu(p, 2n)62Zn 30 10
68Ge natGa(p, x)68Ge 30 10
67Cu 68Zn(p, 2p)67Cu 60 5

64Ni(p, n)67Cu 40 15
64Cu 64Ni(p, n)64Cu 24 (H2

+) 10
124I 124Te(p, n)124I 27 (H2

+) 10
177Lu nat(176)Yb(d, n)177Lu 20 10
43Sc nat(40)Ca(α, x)43Sc 34 10
47Sc 44Ca(α, p)47Sc 34 10
74As nat(74)Ge(p, n)74As 18 10

155Tb nat(153)Eu(α, 2n)155Tb 34 10
186Re 185W(d, n)186Re 20 10
211At 209Bi(α, 2n)211At 34 10
28Mg 27Al(α, 3p)28Mg 75 10
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Before the measurements, an isochronous field should be 
carefully formed by adjusting the currents of trim coils. The 
NIRS-930 cyclotron has twelve sets of trim coils. The magnetic 
field distribution for each coil as a function of the radius in the 
cyclotron is shown in Fig.1. The isochronism is confirmed by 
monitoring the phase excursion measured using a phase probe 
[4]. The phase probe consists of ten pairs of electrodes, whose 
positions are also indicated in Fig.1, and labelled P1 to P10. 
The beam phase is measured relative to the phase of the RF 
dee voltage. An example of the phase excursion measured 
for the 34 MeV 4He2+ beam is shown in Fig.2. The deviations of 
beam phases are kept within 3 deg., which is good enough for 
the measurements.

For the measurements of the beam phase width, we have 
employed a method proposed in Ref. [5]. In this method, the 
beam currents at a certain radius in the cyclotron are measured 
by changing the frequency of the RF dee voltage, frf, from that 
of cyclotron resonance, f0. The beam current will maintain its in-
itial value at frf = f0 unless ions in a bunch enter the deceleration 
region where the energy gain per gap is negative. The beam 
current then decreases with further increase of the difference 
between frf and f0. From the dependence of the beam current 
on the frequency difference, we can estimate the beam phase 
width in the acceleration.

The measurements of beam phase width have been carried 
out for 34 MeV 4He2+ beam, whose acceleration harmonics is 
2. In the measurements, frf was changed from f0 =13650.0 kHz 
in ±0.5 kHz steps. The range of the frequency change was set 
within ±10 kHz, which is sufficiently smaller than the automated 

tuning range of 500 kHz by the use of a compensator. The 
beam current was measured using the main probe fixed at a 
radius of 860 mm from the center of the cyclotron. The position 
was slightly inside from the extraction radius. Figure 3 shows 
the results of the measurements. The open circles and solid 
circles denote the beam current measured with and without the 
beam buncher of the sinusoidal wave, respectively.

Results
To obtain the beam phase width from Fig.3, we used the rela-

tion between the beam phase, θ, and the frequency difference, 
Δf = frf −f0, given in Ref. [5] as

Here, h is the acceleration harmonics and N is the minimum 
number of revolutions. We then assumed that the time distri-
bution of ions in a bunch can be represented in terms of the 
normal distribution. Decreases in the beam current of 25% and 
75% from the initial value are accordingly at 0.67 σ and –0.67 σ, 
respectively. The σ can thus be derived from the beam phase θ 
at the beam current reduction of both 25% and 75%. In the nor-
mal distribution, the relation between σ and the full width at half 
maximum, Δθ, is Δθ = 2.35 σ. The Δθ i.e. the beam phase width  
is thus deduced from the σ.

From the analysis above, the beam phase width without the 
beam buncher was obtained as 28.9±0.5 deg. in the accelera-
tion. The beam phase width was compressed by a factor of 
2.4 compared with the value estimated from the injection ef-
ficiency. The beam phase width with the beam buncher was 
also deduced to be 23.7±1.1 deg. This showed that a further 
compression occurred by using the beam buncher. 

In this study, we found that the phase compression clearly 
took place in the NIRS-930 cyclotron. By combining this fact 
with the beam simulation, the measured beam phase width 
will bring us a better understanding of the beam dynamics in 
the NIRS-930 cyclotron. This will lead to an improvement in the 
beam intensity.
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Fig.1  Magnetic field distribution of trim coils.

Fig.2  Relative phase excursion for 34 MeV 4He2+ beam.

Fig.3 Normalized beam current measured by changing frequency of 
the dee voltage. The center frequency is 13650.0 kHz.

θ = sin−1{1−2πfhN —}.Δf
f0
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Introduction
A clinical trial was first launched in 1996 to evaluate the 

safety and efficacy of carbon ion radiotherapy (C-ion RT) for 
bone and soft tissue sarcomas not suited for surgery. Through 
a dose escalation trial and a subsequent fixed dose trial, it was 
found that C-ion RT provided definite local control and offered a 
survival advantage without unacceptable morbidity for patients 
with bone and soft tissue sarcomas that were either difficult or 
impossible to cure using other modalities. As of March 2016, 
over 1000 patients had been treated with C-ion RT. The most 
treated sarcoma at NIRS was sacral chordoma, followed by 
high grade sarcomas. 

Chordomas arise from notechordal remnants and are a rare 
tumor, between 1% and 4% of primary bone tumors. Approxi-
mately 50% of the chordomas originate from the sacrum [1, 2]. 
Surgery is the mainstay for treatment and complete resection is 
essential for good oncologic results. However, surgery is some-
times difficult because of the location and the size of the tumor. 
Surgery for chordomas in the proximal sacral bone like S1 can 
result in severe neurological deficits such as permanent gait, 
urinary and bowel dysfunctions. These seriously impair quality 
of life (QOL) of patients because most of the patients with sa-
cral chordomas are elderly. Chordomas have poor sensitivity to 
photon radiotherapy or chemotherapy.

We published the first report on C-ion RT for unresectable 
sacral chordomas in 2004 [3]. As of 2015 over 200 chordomas 
had been treated with C-ion RT at NIRS. Our latest report has 
the largest number of patients with chordomas treated with 
charged particle therapy, including proton therapy that has 
ever been reported [4]. Here, we present some of our pub-
lished clinical data regarding sacral chordomas treated with C-
ion RT. 

Carbon ion radiotherapy for sacral chordomas
For axial tumors, 350 MeV/n and 400 MeV/n carbon ion 

beams were generally used. All patients were treated using 
a passive irradiating method. To immobilize patients, low-
temperature thermoplastic shells and body rests were used. A 
set of computed tomography (CT) image slices 1-mm to 5-mm 
thick were acquired for treatment planning. Clinical Target 
Volume (CTV) was encountered as a margin of 5 mm of gross 
tumor volume (GTV). The planning target volume (PTV) was ap-
proximately 3–5 mm with the CTV margin. If the CTV was too 
close to critical organs such as the bowels, the CTV was modi-
fied. Irradiation was performed with a minimum of three ports, 
which included the posterior to anterior, left to right, and right to 
left directions. One port was used in one session per day, and 
treatment was performed on four consecutive days per week 

Research on the Standardization and Clarification of Charged Particle Therapy

from Tuesday to Friday. The total doses of 64.0 GyE, 70.4 GyE, 
or 73.6 GyE in 16 fractions (fr) were used in the clinical trials to 
determine a workable dose. After the 73.6 GyE/16 fr dose was 
employed, 70.4 GyE/16 fr was determined as a workable dose 
to avoid severe skin toxicity. In April 2007, we started to apply 
a total dose of 67.2 GyE because 15% of patients who had 
received 70.4 GyE experienced grade 2 and 3 neurological ad-
verse events after a long follow-up period. 

Fig.1 Changes of framework for unresectable bone and soft tissue sar-
comas.
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C-ion RT for unresectable sarcomas was started as a clinical 
trial and moved to advanced medicine (Fig.1); the treatment 
series for one patient with sarcoma cost 3140,000 JPY. From 
April 2016, the cost of C-ion RT for unresectable bone and soft 
tissue sarcomas will be covered by the Japanese health insur-
ance system. 

Patients 
Between June 1996 and March 2013, 188 patients with pri-

mary unresectable chordomas enrolled under the two C-ion RT 
protocols on bone and soft tissue sarcomas were evaluated in 
the study. The main eligibility requirements for the patients of 
the two protocols were the same: (1) the tumor was medically 
unresectable as judged by orthopedic surgeons; (2) the tumor 
was histologically confirmed as sarcoma; (3) the patient had 
not metastasized; (4) no metal instrumentation had been ap-
plied; and (5) the tumor had not received prior radiotherapy. 
Patients who refused surgery were included in our study. All 
patients signed an informed consent form, and the protocol 
studies were approved by the local Institutional Review Boards.

Median age was 66 years old. Median tumor size was 345 
cm3 and 73% of the tumors invaded at more proximal than 
the S2 level. The median prescribed dose was 67.2 GyE/16 fr 
(64.0–73.6).

Results
The median follow-up period was 62 months (6.8–147.5 

months). Figure 2 shows the overall survival (OS), local control 
(LC) and disease-free survival (DFS) curves for 188 patients. 
The 5-year (60-month) and 10-year (120-month) LC rates were 
77.2% and 52.0%, respectively. Forty-one patients (22%) had 
a local recurrence. Among the 41 patients, recurrence in 12 
patients (29%) occurred after 5 years. There was no signifi-
cant prognostic factor for LC. Twenty-two patients with recur-
rent tumors received C-ion RT again under a clinical trial. The 
3-year overall survival rates after local recurrence were 51.5%. 
The 5-year and 10-year overall survival rates were 81.1% and 
66.8%, respectively. The 5-year and 10-year disease-free sur-
vival rates were 50.3% and 31.3%, respectively. 

Regarding adverse events one patient underwent colostomy 
because of severe constipation caused by neurological toxicity. 
Twenty patients underwent colostomy before C-ion RT. Ten pa-
tients had sheets/silicon balloons inserted between the diges-
tive tract and the tumors before C-ion RT. Among six patients 
with grade 3 peripheral nerve injuries, three patients received a 
total dose of 73.6 GyE. Ambulatory functions remained in 97% 
of the patients. Figure 3 shows the shrinkage of sacral chor-
doma for a 66-year-old male patient as a result of the C-ion RT.

Discussion
The local recurrence rate after surgery for sacral chordoma 

is approximately 35%–50% [2] Rates are higher for intralesional 
and marginal resections than for a wide resection. Generally, 
the higher the level of the sacral bones at which the tumor 
arises, the more difficult it is to achieve wide resection. In our 
study, there was no significant predictive factor for LC that 
was related to the tumor condition. This finding shows that C-
ion RT may achieve the same results as for treatment of small 
tumors and tumors at a low spinal level, even if the tumor is at a 
high level in the sacrum and has a large volume. Furthermore, 
physiological stress and complications are less with C-ion RT 
than with sacrectomy as Nishida et al. [5] observed. This is 
an advantage of C-ion RT compared to surgery. Nishida et al. 
compared the results of surgery and C-ion RT for sacral chor-
domas. They found the results of both treatments were similar 
and patients treated with C-ion RT had better scores of emo-
tional acceptance. The conclusive results from our study need 
further confirmation. We can say, however, that C-ion RT offers 
satisfying results for patients with unresectable sacral chordo-
mas and will be a valuable alternative to surgery. 
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Fig.3  A sacral chordoma of a 66-year-old male. A) Before C-ion RT the 
large tumor reached the S2 level. B) 4 years after treatment the 
tumor had shrunk. 

Fig.2 Overall survival (OS, blue line), local control (LC, red line) and 
disease-free survival (DFS, green line) curves for 188 patients.
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Introduction
In recent years, application of high-energy particle accel-

erators to cancer therapy has attracted much attention, and 
a number of medical particle accelerators have been con-
structed around the world. In particle radiotherapy, a rotating 
gantry is a powerful tool, and it is commonly used for proton 
therapy. However, it is very difficult to construct a rotating 
gantry for heavy-ion therapy, because the magnetic rigidity of 
carbon ions having an energy of 430 MeV/u is roughly three 
times higher than that for proton ions having an energy of 250 
MeV/u, and therefore the size and weight of the entire gantry 
structure become considerably larger. There is only one carbon 
gantry, which was constructed at HIT in Heidelberg [1], and its 
total weight and radius are 600 tons and 7.0 m, respectively. To 
downsize the carbon gantry, we developed a compact super-
conducting rotating gantry [2]. The construction of the entire 
gantry was completed in September 2015, and commissioning 
is in progress. In this report, a design overview and current sta-
tus of the gantry are presented.

Research and Development on Medical Physics and Biology

Design and construction of the superconducting 
gantry

The compact superconducting rotating-gantry has a cylin-
drical structure with a beam-transport line, mounted on the 
structure, as schematically shown in Fig.1. The total length and 
the diameter of the cylindrical structure are approximately 14 
m and 5.3 m, respectively. At both ends, two large rings having 
an outer diameter of 6.5 m are attached. The rings are placed 
on turning rollers, supporting the total weight of the entire struc-
ture, so as to rotate the entire structure along the central axis 
over ±180 degrees.

This rotating gantry can deliver carbon ions having a kinetic 
energy of 430 MeV/u to the isocenter over ±180 degrees, hav-
ing the capability of performing three-dimensional raster-scan-
ning irradiation. The beam line on the rotating gantry consists 
of ten superconducting magnets, a pair of scanning magnets, 
and three pairs of steering magnets as well as a beam-profile 
monitor, as illustrated in Fig.2. All of the ten superconducting 
magnets have a surface-winding coil-structure, and can pro-
vide both dipole and quadrupole fields, while BM07 and BM08 
can provide only dipole field. The maximum dipole field was 
designed to be 2.9 T for BM01-06 and 2.4 T for BM07-10 with 
the maximum quadrupole field of 9.1 T/m for BM01-06 and 1.3 
T/m for BM09-10. Having used the combined-function super-
conducting magnets, and optimized design of the beam optics, 
we could design a compact gantry, while keeping a large scan 
size at the isocenter. The length and the radius of the gantry 
beam-line are approximately 13 m and 5.5 m, respectively, 
which are comparable to those for the existing proton gantries, 
and the total weight of the gantry structure is estimated to be 
the order of 300 tons.

Fig.1 Schematic drawing of the superconducting rotating-gantry for 
carbon ion radiotherapy.
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The superconducting magnets as well as components of the 
gantry structure were produced at the Toshiba Keihin Product 
Operations facility. Before transporting it to NIRS, the gantry 
structure was initially assembled in the factory. After a series 
of factory tests, the gantry structure was disassembled into 
components, and all the components were transported to NIRS 
beginning in February 2015. Since the gantry components are 
large in size, their transportation and installation as well as as-
sembly of the gantry structure were done sequentially. All the 
construction and on-site tests of the gantry system (Fig.3) in-
cluding the treatment room (room G; Fig.4) were completed at 
the end of September 2015. Treatment room G has the identical 
robotic couch to those used in treatment rooms E and F. With 
the unique caterpillar structure around the irradiation nozzle, 
the gantry floor can be kept flat, independently of the gantry 
angle.

Beam commissioning
Operations of the superconducting gantry and commission-

ing using the beam were initiated from October 2015. Carbon 
ions having the energies between 430–50 MeV/u, as acceler-
ated by the upper synchrotron ring of the HIMAC, were suc-
cessfully transported through the gantry, and beam spots at the 
isocenter were observed without any problems. Before using 
the gantry for treatments, the beam commissioning for combi-
nations of various beam energies and gantry angles must be 
made. Since it is important to obtain stable and circular beam 
spots for scanning irradiation, we initially performed beam 
tuning of beam spots at the isocenter by finely tuning the su-
perconducting quadrupoles. Some results of the beam tuning 
are given in Fig.5. As can be seen in the graphs, beam spots 
having a Gaussian shape were observed for the various gantry 
angles and beam energies.

Summary
We developed the superconducting rotating-gantry for 

carbon radiotherapy. The construction of the gantry was com-
pleted at the end of September 2015, and the beam commis-
sioning is currently in progress. Treatment using the gantry is 
planned in FY 2016.
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Fig.2 Layout of the beam transport line for the superconducting rotat-
ing gantry. The gantry consists of ten combined-function super-
conducting magnets (BM01-10), a pair of scanning magnets 
(SCM-X and SCM-Y), and three pairs of beam profile-monitor and 
steering magnets (ST01-03 and PRN01-03).

Fig.4 A photo of the gantry treatment room (treatment room G).

Fig.5 Measured 1 σ beam sizes of horizontal and vertical coordinates 
at the isocenter as functions of the gantry angle for the beam 
energy of 430 MeV/u (upper). Measured 1 σ beam size at the 
isocenter as a function of the beam energy (lower).

Fig.3 A photo of the superconducting rotating gantry. The su-
perconducting and scanning magnets are colored blue 
and red, respectively.
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Introduction
In the past 20 years, more than 8,000 patients with vari-

ous tumors have been treated with passively scattered C-ion 
beams at NIRS, and the optimum dose-fractionation protocols 
have been established for the respective tumors through dose 
escalation studies. The favorable clinical results obtained at 
NIRS have encouraged several more facilities to initiate C-ion 
radiotherapy (RT) worldwide. To aid the ongoing development 
of C-ion RT, we started clinical treatments with pencil beam 
scanning, a new beam delivery method, in 2011. To exploit the 
advantages of the scanned C-ion RT fully, it is necessary to 
perform 3D treatment planning and optimization. A prerequisite 
for this is an algorithm for accurate and fast physical and clini-
cal dose calculation. However, when the scanned C-ion RT was 
started at NIRS, there was no commercial treatment planning 
system (TPS) dedicated for this beam delivery method. Thus, 
we have developed a non-commercial TPS “XiDose” in which 
NIRS’s original algorithms are interconnected to a TPS platform 
provided by Elekta AB, Sweden. Following our experience with 
the beam delivery method, the NIRS algorithms were trans-
ferred to several companies who have developed commercial 
products. In more recent years, our research efforts have been 
directed to better understanding of C-ion beams, improvement 
of physical and biological models, their integration into the TPS, 
and assessment of their influence on C-ion RT. In this report, 
we review our research articles published in FY 2015.

Reformulation of clinical-dose system for carbon-
ion radiotherapy treatment planning [1]

Through 20 years of clinical experience based on NIRS’s 
original clinical-dose system, optimum dose-fractionation 
protocols have been established for various tumors, which 
may be considered as the standards in C-ion RT. Although the 
therapeutic appropriateness of the clinical-dose system has 
been widely demonstrated by clinical results, the system incor-
porates several simplifications such as the dose-independent 
RBE, empirical nuclear fragmentation model, and use of dose-
averaged linear energy transfer to represent the spectrum of 
particles. We updated the clinical-dose system at the time we 
started clinical treatment with pencil beam scanning in 2011. 
The requirements for the updated system were to correct the 
simplifications made in the original system, while harmoniz-
ing with the original system to maintain the established dose-
fractionation protocols. In the updated system, the radiation 
quality of the therapeutic C-ion beam was derived with Monte 
Carlo (MC) simulations, and its biological effectiveness was 
predicted with a theoretical model. We selected the most 
used C-ion beam with α = 0.764 Gy−1 and β = 0.0615 Gy−2 as 

Research and Development on Medical Physics and Biology

reference radiation for RBE. The C-equivalent biological dose 
distribution is designed to allow the prescribed survival of 
HSG tumor cells in entire SOBP region, with consideration of 
the dose dependence in the RBE. This C-equivalent biological 
dose distribution is scaled to a clinical dose distribution to har-
monize with our clinical experiences with C-ion RT. Designs of 
the original and the updated clinical-dose systems are shown 
in Fig.1. Treatment plans were made with the two systems, and 
physical and clinical dose distributions were compared with re-
gard to prescribed dose level, beam energy, and SOBP width. 
Both systems provided uniform clinical dose distributions in 
the targets consistent with the prescriptions. The mean physi-
cal doses delivered to targets by the updated system agreed 
with the doses by the original system within ±1.5% for all tested 
conditions. The updated system reflects physical and biologi-
cal characteristics of the C-ion beam more accurately than the 
original system, while allowing the continued use of the dose-
fractionation protocols established with the original system at 
NIRS.

Fig.1 Schematic designs of the original (a) and the updated (b) clini-
cal-dose systems.
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Effects of beam interruption time on tumor control 
probability in single-fractionated carbon-ion radio-
therapy for NSCLC [2]

C-ion RT treatment plans are designed on the assumption 
that the beams are delivered instantaneously, irrespective of 
the actual dose-delivery time structure in a treatment session. 
As the beam lines are fixed in the vertical and horizontal direc-
tions at our facility, beam delivery is interrupted in multi-field 
treatment due to the necessity of patient repositioning within 
the fields. Single-fractionated treatment for non-small cell lung 
cancer (NSCLC) is such a case, in which four treatment fields 
in multiple directions are delivered in one session with patient 
repositioning during the session. The purpose of this study was 
to investigate the effects of the period of dose delivery, includ-
ing interruptions due to patient repositioning, on tumor control 
probability (TCP) of NSCLC. All clinical doses were weighted 
by RBE evaluated for instantaneous irradiation. The rate equa-
tions defined in the microdosimetric kinetic model (MKM) for 
primary lesions induced in DNA were applied to the single-
fractionated treatment of NSCLC. Treatment plans were made 
for an NSCLC case for various prescribed doses ranging from 
25 to 50 Gy (RBE), on the assumption of instantaneous beam 
delivery. These plans were recalculated by varying the inter-
ruption time τ ranging from 0 to 120 min between the second 
and third fields for continuous irradiations of 3 min per field 
based on the MKM. The curative doses that would result in a 
TCP of 90% were deduced for the respective interruption times 
as shown in Fig.2. The curative dose was 34.5 Gy (RBE) for in-
stantaneous irradiation and 36.6, 39.2, 41.2, 43.3 and 44.4 Gy 
(RBE) for τ = 0, 15, 30, 60 and 120 min, respectively. The bio-
logical effectiveness of the therapeutic C-ion beam decreased 
with increasing interruption time. These data suggest that the 
curative dose can increase by 20% or more compared to the 
planned dose if the interruption time extends 30 min or longer. 
These effects should be considered in C-ion RT treatment plan-
ning if a long dose-delivery time is anticipated.

Influence of nuclear interactions in body tissues on 
tumor dose in carbon-ion radiotherapy [3]

In C-ion RT treatment planning, the dose measured in water 
is applied to the patient dose calculation with density scaling 
using the stopping power ratio ρs. Since body tissues are differ-
ent from water in composition, this dose calculation is subject 
to errors, particularly due to differences in non-elastic nuclear 
interactions. In recent studies, we proposed and validated a 
correction method for these errors. Dose calculation errors like-
ly differ among different tumor sites as well as among patients. 
We thus assessed the influence of these errors on clinical 
cases in various tumor sites. Median dose corrections for the 
water non-equivalence of body tissues in nuclear interactions 

were 0.2%, 0.0%, −0.3%, −0.1%, −0.1%, −0.4%, and −0.3% 
for the prostate, head & neck, bone & soft tissue, lung, liver, 
pancreas, and uterine cases, respectively. The largest correc-
tion of −1.6% in target average and −2.5% at maximum was 
observed in a uterine case as shown in Fig.3. In most clinical 
cases, the changes in dose would be marginal compared to 
the intrinsic uncertainties in treatment planning, patient setup, 
beam delivery, and clinical response. Nevertheless, in some 
extreme cases, the influence can be substantial. Thus, we rec-
ommend that the correction method should be routinely applied 
to treatment planning in clinical practice.

Correction for proton-nucleus interactions in non-
water materials for proton radiotherapy treatment 
planning [4]

The water non-equivalence of body tissues regarding non-
elastic nuclear interaction induces dose calculation errors in 
proton RT also. In this study, we proposed and validated an 
algorithm for correcting these errors. The dose in water is de-
composed into three constituents according to the physical 
interactions of protons in water: the dose from primary protons 
continuously slowing down by electromagnetic interactions, the 
dose from protons scattered by elastic and/or inelastic interac-
tions, and the dose resulting from non-elastic interactions. The 
proportions of the three dose constituents differ between body 
tissues and water. We determined correction factors for the 
proportion of dose constituents with MC simulations in various 
standard body tissues, and formulated them as functions of 
their ρs for patient dose calculation. The influence of nuclear 
interactions on dose was assessed by comparing the MC 
simulated dose and the uncorrected dose in common phantom 
materials. The influence around the Bragg peak amounted to 
−6% for polytetrafluoroethylene and 0.3% for polyethylene. The 
validity of the correction method was confirmed by compar-
ing the simulated and corrected doses in the materials. The 
deviation was below 0.8% for all materials. The accuracy of the 
correction factors derived with MC simulations was separately 
verified through irradiation experiments with a 235-MeV proton 
beam using common phantom materials. The corrected doses 
agreed with the measurements within 0.4% for all materials. 
The influence on tumor dose was assessed in a prostate case. 
The dose reduction in the tumor was below 0.5%. Our results 
verify that this algorithm is practical and accurate for proton RT 
treatment planning, and will also be useful in rapidly determin-
ing fluence correction factors for non-water phantom dosimetry.
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Fig.2 TCP curves of planned (black) and recalculated dose distribu-
tions for interruption times τ of 0 min (red), 15 min (green), 30 
min (blue), 60 min (light blue), and 120 min (pink) for an NSCLC 
case.

Fig.3 Dose deviation due to water non-equivalence of body tissues re-
garding non-elastic nuclear interaction in a uterine case (a), and 
the corresponding dose volume histograms (b).
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Introduction
It is known that about two thirds of the biological damage 

due to low linear energy transfer (LET) radiations, such as X-
rays and the plateau region of heavy-ion beams, are caused by 
the hydroxyl radical (•OH), the most powerful reactive oxygen 
species (ROS), generated by the interaction of radiation energy 
with water molecules. Thus, antioxidants having an efficient 
ROS-scavenging activity have attracted much attention as 
promising candidates for radioprotective agents. In fact, we 
have recently demonstrated that natural antioxidants, such as 
(+)-catechin, resveratrol, caffeic acid, and quercetin, show an 
efficient protective activity against X-ray-induced apoptosis in 
rat thymocytes [1]. It is also known that the pH values of tumors 
(6.2–7.4) are slightly lower than those of normal tissues (7.0–
7.4). Thus, if pH-responsive antioxidants, which can be acti-
vated in the pH range of 7.0–7.4, are available, normal tissues 
can be selectively protected without any protection of tumors 
during radiation therapy. In this context, the pH dependence 
of the activity of antioxidants is of considerable importance to 
develop such radioprotective agents. Since ROS are extremely 
unstable, relatively stable 2,2-diphenyl-1-picrylhydrazyl radical 
(DPPH•) (Fig.1) has been frequently used as a reactivity model 
of ROS to evaluate the activity of antioxidants [2]. However, 
alcoholic co-solvents, such as methanol and ethanol, are re-
quired to use DPPH• in aqueous systems due to its insolubility 
in water. In such a case, concentrated buffer solutions cannot 
be used to control the pH of the reaction systems, because 
buffer salts are precipitated in the alcoholic reaction media.  
Cyclodextrins (CDs) are cyclic oligosaccharides that have a 
hydrophobic internal cavity and a hydrophilic external sur-
face. Thus, CDs form inclusion complexes with a wide range 
of hydrophobic molecules and solubilize them in water. In this 
study, we investigated the solubilization of DPPH• in water us-
ing β-cyclodextrin (β-CD), which consists of 7 glucopyranoside 
units, in order to use DPPH• in aqueous buffer solutions.

Results and discussion
15 mL of boiling water (Milli-Q) or a phosphate buffer solution 

(0.1 M, pH 7.4) was added to the mixture containing DPPH• 
(0.23 mmol) and β-CD (0.35 mmol), and the suspension was 
cooled to room temperature. The filtration of the suspension 
using a membrane filter (pore size: 0.22 µm) yielded a deep 
violet solution (Fig.2). This solution showed an absorption band 
at 527 nm, which is diagnostic of DPPH• (Fig.2). Thus, DPPH• 
could be solubilized in water by β-CD (Fig.1). A significant red 
shift of the band due to β-CD-solubilized DPPH• (DPPH•/β-CD) 
as compared to those of free DPPH• in n-hexane (509 nm), 
methanol (516 nm), ethanol (517 nm), and acetonitrile (519 nm) 

Basic Research on the Estimation of Effectiveness of Radiotherapy for Individual Cancer Patients

suggests that the >N–N•– moiety of DPPH• may exist outside of 
the β-CD cavity and strongly interact with water. In fact, an opti-
mized structure of DPPH•/β-CD by the density functional theory 
(DFT) (UB3LYP/3-21G:C-PCM solvation model parameterized 
for water) shows that the picryl moiety of DPPH• is incorporated 
into the hydrophobic cavity of β-CD (Fig.3) [3]. The concentra-
tion of DPPH• was estimated to be 5.9 × 10–5 M by using ε value 
of 11000 M–1 cm–1 determined for DPPH• in a 1:1 ethanol–buffer 
solution. DPPH•/β-CD in water or the phosphate buffer solution 
(0.1 M, pH 7.4) is stable for at least several days at room tem-
perature. When a boiling acetate buffer solution (50 mM, pH 4.4) 
was used instead of the phosphate buffer, DPPH• could also be 
solubilized by β-CD. On the other hand, a brown solution with 
absorption bands at 416 and 505 nm was obtained using the 
boiling borate buffer solution (14 mM, pH 9.1). This suggests 
that DPPH• is unstable under basic conditions.

Fig.1 Solubilization of DPPH• in water by β-CD.
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The electron spin resonance spectrum of DPPH•/β-CD ob-
served in water at room temperature has the same g value 
(2.0036) and hyperfine coupling constant (7.8 G) as those of 
DPPH• in methanol (2.0036 and 7.9 G, respectively).

When ascorbic acid (vitamin C) (AscH2) was added to the 
phosphate buffer solution (0.1 M, pH 7.4) of DPPH•/β-CD, the 
band at 527 nm disappeared immediately with clear isosbestic 
points at 320, 338, and 431 nm. Since the pKa value of AscH2 
is reported to be 4.1, AscH2 undergoes deprotonation and ex-
ists in its anionic form, AscH–, in phosphate buffer solution (0.1 
M, pH 7.4). Thus, this spectral change indicates that AscH– 
efficiently scavenged DPPH• in phosphate buffer (eq. 1). When 
AscH– was replaced by Trolox, a water-soluble analogue of 
α-tocopherol (vitamin E), a similar spectral change was ob-
served due to the scavenging reaction of DPPH• by Trolox (eq. 
2).

DPPH•/β-CD + AscH– → DPPH-H/β-CD + Asc•– (1)
DPPH•/β-CD + Trolox → DPPH-H/β-CD + Trolox(–H)• (2)

The decay of the absorbance at 527 nm monitored by a 
stopped-flow technique obeyed pseudo-first-order kinetics, 
when the AscH2 concentration ([AscH2]) was maintained at 
more than a 10-fold excess of DPPH•/β-CD concentration 
(Fig.4). The pseudo-first-order rate constant (kobs) linearly in-
creased with increasing [AscH2]. From the slope of the linear 
plot of kobs vs. [AscH2], the second-order rate constant (k) for 
the scavenging of DPPH•/β-CD by AscH2 was determined in a 
phosphate buffer (0.1 M, pH 7.4) to be 7.2 × 103 M–1 s–1. The k 

value for Trolox was also determined in the same manner to be 
1.8 × 104 M–1 s–1, which is exactly the same as that measured 
in a 1:1 ethanol–phosphate buffer (pH 7.4) solution. Thus, β-CD 
does not inhibit the reaction of DPPH• with the antioxidants.

The pH dependence of the k values for AscH2 was investi-
gated using DPPH•/β-CD in phosphate buffer solutions (0.05 
M, pH 6.0–8.0). The k value increased with increasing pH as 
shown in Fig.5.

 

Summary
β-CD-solubilized DPPH• in water has been demonstrated to 

be a powerful tool to evaluate the antioxidative activity of anti-
oxidants in aqueous media, especially in highly concentrated 
buffer solutions without precipitation of buffer salts as well as to 
develop pH-responsive antioxidants in order to selectively pro-
tect normal tissues during radiation therapy.
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Fig.2 DPPH•/β-CD in water and its UV-vis spectrum.

Fig.4 Spectral change (interval: 25 ms) observed during the reaction 
of AscH2 (1.4 × 10–3 M) with DPPH•/β-CD (2.6 × 10–5 M) in phos-
phate buffer (0.1 M, pH 7.4) at 298 K. Inset: the first-order plot of 
the absorbance at 527 nm.

Fig.3 Optimized structure of DPPH•/β-CD calculated by DFT.

Fig.5 Plot of k vs. pH for the reaction of AscH2 with DPPH•/β-CD.
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Background 
Radiation therapy (RT) is one of the major cancer treatments, 

and it uses a physical strictness and difference of biological 
features between normal and cancer cells. Since RT is a non-
invasive treatment, it results in a reduced physical burden for 
patients. In previous clinical reports, carbon ion (C-ion) RT 
showed a high local control rate and lower occurrence of ad-
verse events. However, treatment-resistant cancer cells and 
distant metastasis are still important issues that need to be re-
solved. For C-ion RT in particular, metastasis control is required 
as a multidisciplinary therapy since micrometastasis, which is 
too small to detect by current technology, already exists at the 
time of the start of treatment in some cases.

In recent years, with the development of immune checkpoint 
inhibitors such as anti-PD-1 and anti-CTLA-4 antibodies, im-
munotherapy is receiving increasing attention.  Immunotherapy 
has the potential to attack not only primary tumor cells, but 
also distant metastases. The features of immunotherapy and 
C-ion RT are complementary and the disadvantage of one is 
compensated for by the advantage of the other, so it has been 
expected that C-ion RT and immunotherapy might be an ef-
fectively combined for a multidisciplinary treatment. RT induces 
cell death of cancer cells in the patient body, and it is expected 
that the dying cancer cells are able to act as the source of a 
cancer antigen, which will be incorporated into antigen pre-
senting cells and activate the immune system. However, basic 
research for such an multidisciplinary therapy is limited and 
insufficient. 

Our research program has been conducting basic research 
for the purpose of solving the problems in the C-ion RT [1,2]. 
In particular, in our previous research aimed at metastasis 
control, the combination of C-ion irradiation and dendritic cell 
(DC) therapy drastically suppressed the lung metastases of 
the NR-S1 squamous cell carcinoma bearing C3H/He mouse 
model [1]. However, this combination effect was evaluated by 
only one type of mouse model, and it is unclear yet whether the 
underlying mechanisms of the different effects are due to the 
difference in radiation types, such as between photon beams 
or particle beams.

Results and discussion 
To obtain evidence for expansion of the application range of 

the combined therapy of C-ion RT and DC immunotherapy, we 
evaluated the combination effect by different models (Fig.1) 
[3]. Mouse osteosarcoma cell line, LM8, lung carcinoma cell 
line, LLC, and colon cancer cell line, Colon-26 were inoculated 
into the legs of C3H/He, C57BL/6J and BALB/c model mice, 
respectively. In the LM8 and LLC bearing mouse models, sig-

nificant metastasis suppression was observed by the combi-
nation in the same manner as the previously reported NR-S1 
bearing C3H/He model (Fig.2)[1]. On the other hand, we could 
not detect an enhanced metastasis suppressing effect by the 
combined treatment in the Colon-26 bearing BALB/c model. To 
elucidate the cause of the difference of such effects, we meas-
ured potential for DC activation by a co-culture with irradiated 

Fig.1 Experimental Schema.
Cancer cells are inoculated into right leg of 7 weeks-old female 
mice. At 1.5 day after irradiation. done-marrow derived immature 
DC is injected intravenously. Lung metastasis is evaluated at day 
14 or day 21 depend on mouse model.

Basic Research on the Estimation of Effectiveness of Radiotherapy for Individual Cancer Patients
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cancer cells and immature DCs in in vitro (Fig.3). If C-ion irra-
diation induces changes in cancer cells, which directly affect 
activation of immature DCs by being irradiated, and there is a 
difference in the change between the models, the difference 
should appear as efficiency of DC activation. When C3 H/He 
derived immature DCs were cultured with C-ion irradiated NR-
S1 cells, a dose-dependent manner activation of DC cells was 
observed. A similar effect was also confirmed by the LM8 and 
LLC co-cultured with C3H/He and C57BL/6J derived DCs, re-
spectively. On the other hand, for the combination of Colon-26 
and BALB/c derived DCs, we could not detect activation of DC 
by irradiated cancer cells. These results indicate that the in vit-
ro assay system reflects the model of in vivo and the difference 
among the models is caused by the process of DC activation 
by irradiated cancer cells.

In order to identify the mechanism of non-DC activation for 
the combination of Colon-26 and BALB/c derived DCs, we 
measured the DC-activating ability by changing combinations 
of cancer cells and DCs. Our results demonstrated that the dif-
ference of DC activation is not affected by the type of cancer 
cells, but it is determined by the mouse strain of the DC, which 
is connected to the genetic background of the mouse strain. 
Because all the DCs used in the experiment were confirmed to 
have an activating potential by LPS treatment, our results sug-
gested that there is a functional variation among the DCs on 
the response to the irradiated cancer cells. On the other hand, 
we also found that C-ion irradiation is able to induce a change 
to allow DC activation on all investigated cancer cells.

In addition, we compared the effect of photon and C-ion 
beams by using the NR-S1 bearing C3H/He model. Based on 
the colony forming ability in in vitro assay, RBE of the NR-S1 
cell line cell line was calculated to be 2. By the comparison at 
the equivalent dose (C-ion, 2 Gy and X-ray, 4 Gy), the com-
bined effect was observed by C-ion irradiation, but not by the 
photon beam irradiation. However, at higher dose, such as 
15 Gy, the combined effect occurred for the photon beam. It 
is suggested that there is an additional effect of C-ions which 
cannot be explained by only RBE.

As described above, our findings raise a question in the 
mechanisms of the metastasis inhibiting effect: Why is there 
a difference between the photon and C-ion irradiations, even 
though irradiated doses are equivalent for cytotoxicity based 
on colony formation assay? Therefore, we focused on differ-
ences in the form of induced cell death. Immunogenic cell 
death is a type of cell death form and it effectively elicits an 
immune response. There are several markers to measure the 
immunogenic cell death. In this time, we measured two mark-
ers, high-mobility group protein 1 (Hmgb1), which is known to 
be released into the extracellular space, and calreticulin (Calr), 
which is exposed to the cell surface. When comparing HMGB1 
release and ecto-Calr in in vitro cell culture at the equivalent 
doses of C-ions and photons, there is no significant difference 
in the Hmgb1 release. Meanwhile the Calr exposure on the cel-
lular surface was induced from a lower dose by C-ion irradia-
tion compared with photon irradiation. This result was not con-
sistent with the results of metastasis suppression in the mouse 
models.

Our results showed that C-ion irradiation has strong advan-
tages as a partner combined with immunotherapy. Moreover, 
the results also indicated attention must be given to variation of 
individual patients to educe the full potential of the two thera-
pies.

Future perspective
Our findings showed the combination of C-ion RT and immu-

notherapy is effective to inhibit metastasis. However, to improve 
clinical outcome of C-ion RT, our final goal is controlling molec-
ular mechanisms to regress distant metastasis (e.g. abscopal 
effect). If it is possible to induce antitumor effects by local C-ion 
irradiation on non-irradiated distant tumors, which are already 
engrafted and growing, we can expect to improve the overall 
survival rate. For this purpose, it is important to understand the 
underlying molecular mechanisms and to identify markers to 
select a suitable combination for an individual and to assess 
the therapeutic effect at an early stage.
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Fig.2 Repression of lung metastasis by the combination treatment.
Number of lung metastasis of (A) LMB beaning C3H/He mouse 
model and (B) LLC beaning C57BL/6J mouse model evaluated 
at day 14 are showed. (C) Macroscopic images of Bouin stained 
lungs. Light yellow areas are metastatic nodules.

Fig.3 Maturation of DCs by co-culture with irradiated cancer cells.
Gene expressions of DC maturation markers were analyzed by 
real-time PCR. Data are presented as a logarithmic plot of the 
2-ΔCt values {n = 3}. The error bars indicate the standard devia-
tion. ND, non-detected, the signal is below the senstivity limit of 
the assay. ＊ , P<0.05 by Student’s test.
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A central paradigm in the research field of radiobiology has 
been that energy deposition from radiation tracks into a cell 
and/or water molecules causes either direct ionization or in-
direct ionization by hydroxyl radicals, eliciting radiobiological 
effects. This implies that the radiobiological consequences only 
affect the cells directly hit by the radiation and/or water radicals 
and that non-hit cells do not contribute to radiobiological ef-
fects. This paradigm is one of the important bases for the cur-
rent system of risk estimation for radiation-induced biological 
consequences and, in particular, the risk of radiation-induced 
cancer after high and moderate doses which is relatively well 
known based on the data from detailed epidemiological studies 
of Japanese atomic bomb survivors in Hiroshima and Nagasaki 
[1]. However, the concept of radiation-induced biological ef-
fects has recently been challenged by so-called non-targeted 
effects, such as the bystander effect (Fig.1). 

The radiation-induced bystander effect can be explained as 
the ability of cells affected by some factors to convey mani-
festations of cellular damage to neighboring cells not directly 
hit by radiation. In the research field for both heavy-ion radio-
therapy and radiation biology the bystander effect should play 
an important and essential role in the mechanism(s) of induced 
biological effects [2,3]. Especially because the volume of the 
tumor, which is the target for the medical treatment of radiation, 
is intertwined with both tumor and normal cells, communication 
between tumor and normal cells is one of the indispensable 
concerns for heavy-ion radiotherapy and it is necessary for fur-
ther development of the current heavy-ion radiotherapy system 
to elucidate the mechanism(s) of the phenomena. Many reports 
have been published regarding bystander cellular effects after 

Research and Development for the International Promotion of Carbon Ion Radiotherapy

exposure to low-fluence alpha particles from a plutonium-238 
source or helium-ion microbeams. The studies mostly used 
the same cell line with both radiation-hit and non-hit bystander 
cells. However, only limited studies are available to understand 
bystander effects induced by heavier ions than helium ions, 
such as carbon ions, and that use a biological sample with dif-
ferent cell origins, such as normal and tumor cells.  

This year we studied the bystander effect focusing on the 
communication of signaling events from carbon-ion irradiated 
tumor cells to non-irradiated bystander normal cells using the 
HIMAC-generated carbon ions with heavier atomic number 
than that of helium ions. 

Human glioblastoma cell line (Resource No.: CRL1690, Re-
source name: T98G), which was distributed by the Health Sci-
ence Research Resources Bank, was irradiated with mono-en-
ergetic carbon-ion beams (LET=73 keV/µm) with a single dose 
of 6 Gy in the HIMAC. Then normal human embryonic lung 
fibroblasts (Resource No.: RCB0523, Resource name: HFL-I), 
which were distributed by the RIKEN BioResource Center, were 
co-cultured with the irradiated T98G cells in the presence or 
absence of a gap-junction inhibitor (Lindane; 40 µM of γ-isomer 

Fig.1 The concept of the radiation-induced bystander effect. The bystander effect describes the ability of cells 
affected by irradiation to convey manifestations of damage to other cells not directly irradiated. 
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of hexachloro-cyclohexane) using the transwell permeable sup-
port system (Fig.2). After 24 h, bystander HFL-I cells were then 
assayed for cell death using the colony-forming assay as a 
reproductive cell death and gene mutation at the hypoxanthine 
guanine phosphoribosyltransferase (HPRT) locus detected by 
6-thioguanine resistant clones as one of the indicators for late 
biological effects in normal human cells. 

The plating efficiency of the co-cultured bystander HFL-
I cells with the carbon-ion irradiated T98G cells clearly de-
creased in the case of the absence of the gap-junction inhibitor, 
suggesting increased cell death. On the other hand, there was 
no statistically significant difference in the plating efficiencies of 
the co-cultured HFL-I cells between 0 Gy- and 6 Gy-irradiated 
T98G cells (Fig.3 left panel).

The mutation frequency of the co-cultured bystander HFL-I 
cells with the carbon-ion irradiated T98G cells was statistically 
higher than that with non-irradiated T98G cells in the absence 
of the gap-junction inhibitor, but the same level in the presence 
of the gap-junction inhibitor (Fig.3 right panel).

There is clear evidence that the irradiated tumor cells enable 
damage to be induced in the neighboring non-irradiated nor-
mal cells via the gap-junction mediated bystander effect. 

In this study we focused on the bystander cellular effects via 
gap-junction mediated cell-cell communication. The transwell 
permeable support system is used to co-culture both the irradi-
ated T98G cells growing in the wells and the bystander HFL-I 
cells growing in the inserts. It enables examination of bystander 
effects not only via gap-junction mediated cell-cell communi-
cation but also via factor(s) secreted into the culture medium 
from the irradiated cells. Now we have started to examine the 
bystander cellular effects between irradiated tumor cells and 
non-irradiated normal cells focusing on the effect of secreted 
factor(s).
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Fig.2 The co-culture method using the transwell permeable support system for the study of the bystander response via gap-junction 
mediated cell-cell communication. The advantages of this system for application to the present study are to make true by-
stander cells and to avoid the effects from secondary radiation.

Fig.3 Bystander effect via gap-junction mediated cell-cell communication from carbon-ion irradiated tumor cells to non-irradiated 
normal cells. The left panel shows cell death and the right panel shows gene mutation. The results are the means and standard 
errors from 4 independent beam times ( ＊ p < 0.05).
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Since 1994 the Heavy-Ion Medical Accelerator in Chiba 
(HIMAC) at NIRS has been made available for use by research-
ers worldwide in the fields of ion-beam sciences and carbon-
beam radiotherapy. There are four experimental halls (Physics, 
Biology, Secondary beam and Medium-energy beam caves) as 
well as five treatment rooms. During the daytime from Tuesday 
through Friday, HIMAC is operated for patient treatments. At 
night and on weekends the four halls can be used for various 
experiments with ion beams. The latter framework is specified 
as “The Research Project with Heavy Ions at NIRS-HIMAC”. Ta-
ble 1 shows typical beam characteristics which are available to 
users at the Physics cave.

NIRS accepts proposal submissions for the Research Project 
twice a year (basically in June and November). Information 
about the call for proposals can be seen on the NIRS website 
[1]. The Program Advisory Committee (PAC) for the Research 
Project reviews submitted proposals from the viewpoint of sci-
entific merits and feasibilities. The Machine Time Committee 
allocates beam time in accordance with the review of the PAC, 
considering requests from proposers. The Program Coordinator 
Group supports researchers especially from external institu-
tions. The researchers, whose accepted proposals employ 
HIMAC, are asked to make a report to NIRS including a list of 
publications of the work and to make a presentation at an an-
nual meeting after the end of the fiscal year (FY).

Figure 1 shows the numbers of accepted proposals as a 
function of year. FY 2014 had 133 proposals from medicine, 
biology, physics and engineering etc. that were accepted and 
a total beam time of 5155 hours was supplied. Figure 2 shows 

contents of accepted proposals: the physics pie chart (a) in-
cludes medical physics, accelerator, atom & nuclear physics, 
chemistry and space sciences; and the biology pie chart (b) 
includes fundamental studies for cancer treatment, response of 
normal tissue, cell biology and molecular biology. Registered 
participants from external institutions numbered 690 research-
ers, including 158 researchers from outside Japan. Figure 
3 shows the numbers of scientific reports, including original 
papers, proceedings, theses and oral presentations. For more 
details, the annual report [2] of the Research Project (partly in 
English) is available from the Program Coordinator (book or 
CD-ROM) and at the NIRS website (PDF file). It includes sub-
mitted reports and publication lists.

Research and Development for the International Promotion of Carbon Ion Radiotherapy

Table 1  Typical characteristics of the beams available at HIMAC.

Ion Energy (MeV/u)
Intensity

pps (particles / second)

He 100 180 230 - - - - - <1.2 × 1010

C 100 180 230 290 350 400 430 - <1.8 × 109

N 100 180 230 290 350 400 430 - <1.5 × 109

O 100 180 230 290 350 400 430 - <1.1 × 109

Ne 100 180 230 290 350 400 600 - <7.8 × 108

Si 100 180 230 290 350 400 600 800 <4.0 × 108

Ar - - - 290 - 400 650 - <2.4 × 108

Fe - - - - - 400 500 - <2.5 × 108
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Fig.1 Numbers of accepted proposals as a function of fiscal year.

Fig.3 Number of scientific reports as a function of fiscal year.

Fig.2 Contents of accepted proposals in physics (a) and biology (b) in FY 2014.

References
[1] NIRS, http://www.nirs.qst.go.jp/information/application/28_himac2016.

shtml 

[2] NIRS, 2014 Annual Report of the Research Project with Heavy Ions at 
NIRS-HIMAC, NIRS-M-285, Dec. 2015.
http://www.nirs.qst.go.jp/publication/irregular/02.html

(a) (b)


	Research on Cancer Therapy with Carbon Beams－Development of Human Friendly Cancer Therapy with Carbon Ion Beams－
	Department of Accelerator and Medical Physics
	Reliability monitoring for maintenance of HIMAC
	Beam phase width in the NIRS-930 cyclotron

	Research on the Standardization and Clarification of Charged Particle Therapy
	Carbon ion radiotherapy for sacral chordomas

	Research and Development on Medical Physics and Biology
	Development of a superconducting rotating-gantry for carbon radiotherapy
	Investigation of physical and clinical doses of charged-particle therapy in patients

	Basic Research on the Estimation of Effectiveness of Radiotherapy for Individual Cancer Patients
	Solubilization of 2,2-diphenyl-1-picrylhydrazyl radical in water to evaluate the activity of water-soluble antioxidants
	Study on the combination of carbon-ion radiation therapy and immunotherapy

	Research and Development for the International Promotion of Carbon Ion Radiotherapy
	Gap-junction mediated bystander effects between carbon-ion irradiated tumor and non-irradiated normal cells
	The Research Project with Heavy Ions at NIRS-HIMAC





