
The Research Center for Charged Particle Therapy (hereafter,
called the “Center”) was established in 1993 when NIRS com-
pleted 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 (C-ion RT) in various types of
malignant tumors, the Center was successful in obtaining ap-
proval from the Ministry of Health, Welfare and Labor for “Highly
Advanced Medical Technology” in 2003. In the meantime, C-ion
RT has achieved for itself a solid place in general practice of can-
cer treatment. The HIMAC has been used by more than 700 re-
searchers as a multi-user utilization facility for medical, biological
and physics research, including more than 100 researchers from
outside Japan.

In 2011, when the third Mid-Term Plan of NIRS was initiated, the
Center was reorganized to conduct research on heavy ion beams
using carbon ions and development of more patient-friendly next
generation heavy ion treatment system. This will eventually con-
tribute to the improvement of cancer cures and quality of life of
cancer victims. The Center is organized into four research pro-
grams, the Department of Physics(Director: Koji Noda)and Hospi-
tal (Director: Yutaka Ando) for this long-term aim. In the following,
summaries are given on the progress of research and practice for
fiscal year (FY) 2014: 1) Research program for carbon ion therapy
and diagnostic imaging (Program Leader: Hiroshi Tsuji); 2) Medi-
cal physics research program for development of a novel irradia-
tion 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) Research Center Hospi-
tal for Charged Particle Therapy.

Research program for carbon ion therapy and
diagnostic imaging (PL: Hiroshi Tsuji)
This program consists of the clinical trial research team, applied

PET research team, applied MRI research team, and clinical data-
base research team. According to the long-term objectives, re-
search on developing advanced clinical therapy using carbon ion
beam has been aggressively performed in FY 2014. The clinical
trial team has had quite a large number of patients undergo C-ion
RT and the team continued clinical trials in pancreas, esophagus,
uterus, kidney, and breast cancers. A total of 794 patients were
treated with C-ion RT in FY 2014. Prostate, lung, head and neck,
bone and soft tissue, liver tumors, post-operative pelvic recur-

rence of rectal cancer, and pancreatic cancer are the seven lead-
ing tumor types in the trials. The treatment with scanning irradia-
tion at the new treatment research facility was smoothly performed
as well. In addition, the clinical trial aiming to verify safety and
steadiness of the respiratory-gated scanning system in the treat-
ment of mobile tumors was started. The outcomes of C-ion RT in
tumors that were hard to cure with other modalities revealed quite
high probability of local control, a survival benefit, and acceptable
morbidity. In addition, clinical trials for establishment of hypofrac-
tionated C-ion RT in common cancers, such as lung cancer, liver
cancer, and prostate cancer have also been successfully
achieved.

Recently, four operating carbon therapy facilities in Japan,
NIRS, HIBMC (Hyogo), GHMC (Gunma), and HIMAT (Saga) or-
ganized a cooperative study group, named J-CROS (Japanese
Carbon-ion Radiation Oncology Study Group) to collaborate on
standardizing C-ion RT in various tumor entities. The database re-
search team developed a database system that can store inte-
grated information for patients treated at all the institutions of this
study group, in collaboration with the clinical trial research team.
Now, the group is preparing the data collection from the four
member institutes for a retrospective analysis and making proto-
cols for prospective clinical studies for major tumor sites.

Medical physics research program for development
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, radiation effect
research team, experimental therapy research team, and image
guided radiotherapy research team. In FY 2014, we have carried
out the clinical trial of the markerless fluoroscopic respiration gat-
ing system for liver and pancreas. We have also developed pa-
tient specific beam QA methods for the moving target scanning ir-
radiation and improved the precision of the dose calculation for
heterogeneous targets in treatment planning. Based on these re-
sults, we successfully started the clinical trial of the scanning irra-
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diation for moving targets in March 2015. The rotating gantry and
all the superconducting magnets had been constructed in the
factory and their transportation to NIRS was started in February
2015. We have also developed the scanning irradiation system
and the patient imaging system for the rotating gantry. The active
energy scanning method without range shifters was established
to improve the dose distribution. We have studied the biological
responses of cancer stem cells in pancreatic cancer. The RBE of
the carbon beam is about two and it is enhanced by the combina-
tion with anticancer agents (gemcitabine).

Advanced radiation biology research program
(PL: Takashi Imai)
This program consists of the cancer system biology team, can-

cer metastasis research team, and radio-redox-response re-
search team. These teams use different approaches to address
the following research aims of the program.

Many favorable outcomes have been reported in clinical trials
for C-ion RT of several types of malignant tumors. However, some
biological issues still remain to be resolved for the improvement of
long-term survival. We have focused on the following fundamental
issues:

Some tumor cells are pathologically indistinguishable from oth-
ers, despite sometimes showing radio-resistance. What makes
these tumor cells radio-resistant?
What causes distant metastases after local treatment? Are the
metastatic cells simply overlooked before starting radiother-
apy? If the metastatic cells are affected by irradiation, what are
the molecular mechanisms? What types of tumor cells are sus-
ceptible to metastasis? How can we detect and suppress dis-
tant metastases?
How do reactive oxygen species generated by irradiation affect
cellular functions? Can radioprotective agents, such as anti-
reactive oxygen species, protect normal tissue surrounding tu-
mor cells?
Through these studies, we have considered the effects of the

genetic differences in the subjects or the experimental materials
such as cell lines and mouse strains used for radio-sensitivity.

In FY 2014, we established X-ray resistant cancer cell lines by
delivering repeated exposures to X-rays in order to improve our
understanding of a mechanism of tumor recurrence after a course
of radiation treatments. The established X-ray resistant cells rap-
idly repaired the DNA double-strand breaks compared with the
parental cell line. Interestingly, carbon-ion irradiation shows ad-
vantage to treatment of this X-ray resistant cancer cells. An in-
crease in heterochromatin domain number is related to radiation
resistance, suggesting that this number may be useful as an indi-
cator of resistant tumor cells.

Another research topic in this year is analysis of the density of
hydroxyl radicals produced in aqueous samples by exposure to X
-ray or carbon ion beams. The results suggested that both sparse
(～3.3 mM) and dense (> 1.7 M) hydroxyl radical generation oc-
curred in the irradiated samples. The percentage of dense hy-
droxyl radical generation increases with increasing LET. Different
types of dense hydroxyl radical generation may be expected for X
-ray and C290-beams.

Detailed reports are highlighted in other parts of this chapter.
Research Program for the application of heavy ions
in medical sciences (PL: Takeshi Murakami)
This program consists of the: (1) heavy-ion radiotherapy promo-

tion team; (2) HIMAC research collaboration team; (3) cellular and
molecular biology research team; and (4) international radiother-
apy joint research team. The following were the main activities
carried out in FY2014.
(1)Promotion of C-ion RT

A wide range of knowledge and know-how is necessary for pro-
motion of C-ion RT. Research and analyses of technical develop-
ments, treatment procedures, and the social environment sur-

rounding C-ion RT have been carried out. These results were as-
sembled as review reports. Procedures transferring these results
and know-how to new projects were also established. Contribu-
tions to new projects such as in Saga and Kanagawa were appre-
ciated.
(2)Promotion of collaborative research, international as well as do-

mestic
Since 1994, HIMAC has accepted researchers from all over the

world in the field of ion-beam sciences other than C-ion RT. There
are four experimental halls (Physics, Biology, Secondary beam
and Medium-energy halls) as well as three treatment rooms at HI-
MAC. During the daytime from Tuesday through Friday, HIMAC is
operated for patient treatments. At nights and weekends the four
halls can be used for experiments using various ion beams. The
latter framework is specified as “The Research Project with Heavy
Ions at NIRS-HIMAC”. More than 120 proposals were accepted
and studies were carried. The beam time of more than 5,000
hours was supplied to them. The research progress in FY2014 is
highlighted in other part of this chapter. Research Project with
Heavy Ions at NIRS-HIMAC is a centerpiece of collaborative re-
search using heavy ions, and this program is deeply included in
the operation of the whole project.

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

NIRS is unique in its specialization in radiotherapy for cancer. The
hospital is designed for radiotherapy especially C-ion RT and
consists of the Oncology Department, Diagnostic Radiology De-
partment and Dental Department. The hospital has one hundred
beds for inpatients, while 80 to 110 outpatients are seen daily. The
Diagnostic Radiology Department has one CT-scan with a 64 line
detector, a 1.5 T MRI, a 3.0 T MRI, two PET/CTs, and one gamma
camera. On the other hand, the Oncology Department is
equipped with five fixed beam treatment rooms for C-ion RT (one
vertical beam room, one horizontal beam room and 3 both beam
rooms) and one linear accelerator for x-ray therapy.

The hospital provides radiotherapies with highly advanced
medical technology and carries out clinical studies mainly using
radiotherapy and diagnosis, and has a role as a tertiary hospital
for radiation emergency medicine. The program for highly ad-
vanced medical technology was started in 2003. The number of
patients reached 5,616 and the number of clinical studies
reached 3,405 in March 2015. From 1994 to March 2015 9,021
new patients were treated with C-ion RT, including 794 patients in
FY 2014. The gender distribution of the patients treated was 562
males and 232 females, giving a ratio of males to females of 2.42
to one. Patients living in adjacent prefectures (Chiba, Ibaragi, Sai-
tama and Tokyo) to the NIRS facility represented 52.9% of the total
patients.

In March 2012, the Electronic Medical Record (EMR) was im-
plemented at the hospital and a simple input method was devel-
oped for each patient’s findings, symptoms, tumor responses,
and toxic reactions that should be estimated by the physician dur-
ing the clinical interview. During FY 2014, the coordination among
several database systems (Hospital Information System, Therapy
Plan Database, Treatment Management System, PACS and Radi-
ology Information System for Radiation Therapy) was improved.
These systems are connected to each other and data are trans-
mitted to the destination systems.

Department of Physics (Director: Koji Noda)
At present, the Department of Physics is one of the most active

and leading departments for ion beam therapy as related to ap-
plied physics in the world. Reliable operation of the HIMAC, a gi-
gantic accelerator system and continuous development of novel
techniques over many years continue to keep us as a designated
“center of excellence” in this field. The highlights of research pro-
gress in FY2014 are shown in other parts of this chapter.
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Introduction
During the past twenty years, carbon-ion radiotherapy (C-ion

RT) featuring dose concentration and relative biological effective-

ness (RBE) has made abundant clinical achievements using

broad beams produced by the Heavy Ion Medical Accelerator in

Chiba (HIMAC). To widely generalize C-ion RT, we transferred our

mature technologies of the treatment planning system (TPS) to de-

velop a commercial product, Mitsubishi Electric XiO-N. Currently,

six XiO-N stations are used to treat two-thirds of the patients at HI-

MAC. The remaining one-third, mostly prostate cancer patients,

are treated with a newly developed pencil-beam scanning sys-

tem. The TPS for scanning, XiDose, is a non-commercial system

dedicated to clinical research at NIRS, in which NIRS original al-

gorithms are interconnected to a TPS platform provided by Elekta,

AB, Sweden. The beam scanning technologies have been rapidly

progressing especially with ongoing clinical practice at NIRS

since 2011. In addition to six XiDose stations for clinical practice,

we have one XiDose station for research and development of our

own algorithms for C-ion beams.

In recent years, our research efforts have been directed to bet-

ter understanding of C-ion beams, improvement of physical and

radiobiological beam modeling, their integration into the TPS, and

assessment of the improvements and the influences on C-ion RT.

While research with the commercial product XiO-N is intrinsically

limited, the semi-in-house system XiDose offers the best environ-

ment for these studies. In this report, we review our research arti-

cles published in the fiscal year 2014.

Influence of nuclear interactions in range compensa-
tors for broad beams

Range compensators play an essential role for conformal C-ion

RT with broad beams. Recently, the material, polyethylene (PE),

was found to cause extra C-ion attenuation per range shift by

0.45%/cm due to compositional differences in nuclear interac-

tions. This study assessed the influence of PE range compensa-

tors on tumor dose of C-ion RT with correction for RBE. The PE ef-

fect on dose was modeled for clinical C-ion beams, which was im-

plemented into a TPS and was partly tested by experiment. The

attenuation per range shift by PE was 0.1%－0.3%/cm in dose

and 0.2%－0.4%/cm in RBE-weighted dose, depending on en-

ergy and range-modulation width. In the treatment planning study,

the effect on RBE-weighted dose to tumor was typically within a

1% reduction as shown in Fig.1. Therefore, in practical situations,

the PE range compensators would normally cause only marginal

errors as compared to intrinsic uncertainties in treatment plan-

ning, patient setup, beam delivery, and clinical response.

Implementation of triple-Gaussian beam model for
scanning beams

Challenging and compromising issues for treatment planning of

C-ion RT with scanning beams are (i) accurate beam modeling in-

cluding consideration of the contribution of nuclear fragments, (ii)

management of memory space for individual pencil-beam dose

kernels, and (iii) fast dose optimization and calculation. To fully in-

clude the dose contribution from the fragments, we modeled the

transverse dose profile of a pencil beam to be composed of three

Gaussian distributions. To reduce the memory space for the ker-

nels, we stored doses only in the regions of interest for optimiza-

tion. For the dose distribution calculation, we applied the pencil-

beam redefinition algorithm. We evaluated accuracy by compar-

ing planned and measured doses in water and in a head phan-

Fig.1 A sacrum-chordoma (yellowish area) case for PE-effect assess-

ment: (a) with 95%－10% isodose contours and (b) 1.5%－0.1%

dose reduction contours.
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tom. We estimated the memory and time reductions by the tech-

niques, using the bone sarcoma case shown in Fig.2. The

planned doses agreed with the measurements within ±2% of the

target doses in both water and head phantoms. The memory

space for the kernel and the time for final dose calculation were

reduced to 1/22 and 1/100, respectively. The accurate triple-

Gaussian beam model has been implemented into the TPS with

computing techniques to achieve efficient dose optimization and

calculation for treatment planning practice.

Trichrome beam model for biological dose calculation
In the triple-Gaussian beam model, the transverse dose profile

of a C-ion pencil beam was modeled to be composed of three

Gaussian distributions. The first component was theoretically

modeled as primary carbon ions and the other two components

were empirically modeled based on measurement. This study was

aimed to extend the triple-Gaussian model for the biological dose

calculation in treatment planning. In the conventional “mono-

chrome” model, the radiation quality or particle spectrum of a C-

ion beam has been assumed to be transversally uniform. In the

new “trichrome” model, we assigned C ions for the narrowest first

component, heavy fragments (Li, Be, and B ions) for the second

component, and light fragments (H and He ions) for the widest

third component. The radiobiological radiation quality was quanti-

fied as a function of depth for each of these components in the

trichrome model or for the whole pencil beam in the monochrome

model with Monte Carlo (MC) simulation and the microdosimetric

kinetic model. Both beam models were integrated into a TPS. With

each of the models, a uniform biological dose was planned for a 2

cm x 2 cm x 4 cm cuboid target in water. The concentration of C

ions should naturally cause a higher RBE in the target than the pe-

riphery. Their dose distributions were compared to those by the

full MC simulation as shown in Fig.3. The trichrome model elimi-

nated the underestimation of the target RBE with the monochrome

model, which amounted to 2.6% in this case.

Nuclear interaction correction for patient dose calcu-
lation

In a conventional TPS, a patient body is modeled to be variable-

density water, which may cause dose errors due to differences in

nuclear interactions. This study proposed a correction method for

the triple-Gaussian trichrome beam model: the attenuation of the

first component for C ions in water is corrected to that in body tis-

sues using a semi-empirical relationship between ionization and

nuclear interactions of C ions. The yield of the third component for

light fragments in water is corrected to that in body tissues in-

versely to the C-ion attenuation. We tested the correction method

for a C-ion beam with insertion of 150-mm-thick tissue-like materi-

als: milk, lard, and water solution of potassium phosphate (bone

substitute). As shown in Fig.4, the method successfully corrected

the physical dose of a spread-out Bragg peak due to water non-

equivalence by －4% for the lard and +6% for the potassium

phosphate solution. The triple-Gaussian trichrome beam model

with the nuclear interaction correction has been integrated into

the TPS for more accurate dose prescription for tumors behind

thick adipose or bone tissues.

Fig.2 (a) Axial and (b) sagittal views of the bone-sarcoma case for com-

puting time and memory usage assessment.

Fig.3 Biological (solid lines) and physical (dashed lines) dose profiles: (a,

b) by the monochrome model and (c, d) by the trichrome model

compared with those by the full MC simulation for a cuboid target in

water.

Fig.4 Depth-dose profiles for a spread-out Bragg peak; measured (cir-

cles), planned with correction (solid lines), and recalculated without

correction (dashed lines): (a) in water and with insertion of (b) milk,

(c) lard, and (d) potassium phosphate solution.
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Introduction
The NIRS-930 (Km=110 MeV, Kf=90 MeV) has been used for

production of short-lived radio-pharmaceuticals, research of top-

ics in physics, development of particle detectors in space, and so

on [1].

The production of radionuclides, such as 64Cu, 68Ge, 28Mg 124I
211At is one of the most important purposes of the NIRS-930. In

such an operation, long hour-durations of stable high intensity

beam are required. And, beams of various particles and energies

are required for various biological and physical experiments. The

generation of isochronous fields is necessary in the operation with

parameters of various particles and energies. The NIRS-930 has

twelve trim coils for generation of isochronous fields. A phase

probe has been installed in order to exactly produce the isochro-

nous fields. The currents of the twelve trim coils have been ad-

justed by using the phase probe [1]. Also, the acceleration phase

has been adjusted by using the phase probe.

Ideal acceleration phase
The ideal acceleration phase realizes the most efficient accel-

eration by the dee voltage. The ideal acceleration phase is shown

in Fig.1, and it is the zero-cross point from negative to positive of

the dee voltage signal when a beam bunch passes through the

center of a dee electrode. In this study, the beam phase detected

by the phase probe was compared with the pick-up signal of dee

voltage on the side of CH1.

Estimate of phase delay for calibration
The angle difference between the location of the phase probe

and the center of the dee electrode on the side of CH1 is 95 deg

(see in Fig.1).

The block diagram of the phase probe and dee voltage pick-up

is shown in Fig.2. The delays of the signal line at the phase probe

beam pick-up signal and dee voltage pick-up were estimated by

the circuit calculation and measurements [2]. The delay difference

of the signals between the phase probe and dee voltage pick-up

was measured by comparing delay of each signal line. Each sig-

nal detected by the upper and lower electrodes was mixed using

a double balanced mixer to eliminate radio frequency noise. The

output signal from the double balanced mixer was selected by a

radio frequency switch in order to eliminate the delay difference to

each phase probe by using one signal line. The delay in the pick-

up dee voltage divider was estimated by the circuit calculation.

The phase probe had 10 pick-up electrodes, which were num-

bered beginning from the innermost to the outside. The results of

beam phase measurements for 30 MeV protons are shown in

Fig.3. The blue squares are the results of the optimization applied

to trim the coil current. Formerly the beam phase excursion was

30 deg. The current of the innermost trim coil was optimized so

that the initial acceleration phase became 0 deg.

Confirm ideal acceleration phase
The NIRS-930 has a radial differential probe. This probe can

measure the radial profile (turn pattern) at radial strokes of 150－
1000 mm. The ideal acceleration phase was confirmed by com-

parison of the turn pattern with the beam phase shift to 30 deg by

the change of the current of the innermost trim coil. The turn pat-

tern has a sparse-turn region and a dense-turn region. In the

dense-turn region, the turn pattern has a higher peak. In the case
Fig.1 Ideal beam phase and the schematic layout of the NIRS-930 cyclo-

tron.
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of ideal acceration, the respective turns can be distinguished be-

tween those of the Inner region (small radius region).

The turn pattern is shown in Fig.4. The blue, orange, and green

lines indicate the results with initial phases of 0 deg, +30 deg, and

－30 deg, respectively. For the initial phase of 0 deg the single

turn separation was distinguished in the vicinity of a radius of 250

mm. On the other hand, for the initial phase of +30 deg, the peak

by the single turn was broad and lower than the case of 0 deg.

And for the initial phase of－30 deg, the single turn was not sepa-

rated

In the initial phase of 0 deg, the turn pattern had a sparse-turn

region and the dense-turn region was distinguished. On the other

hand for the initial phases of +30 deg and－30 deg, the turn pat-

tern had no high dense-turn region.

The beam current at the entrance of the deflector (at the extrac-

tion radius) with each initial beam phase is listed in Table 1. The

beam currents by the initial phases of 0 deg, +30 deg, and －30

deg were 35.0 μA, 23.4 μA, and 27.8 μA, respectively, at the ex-

traction radius. It was confirmed by these results that 0 deg with

optimization was the ideal acceleration phase.

Fig.2 Block diagram of the phase probe and dee voltage pick-up.

Fig.3 The beam phase of 30 MeV protons with [C5]and without optimiza-

tion of the current of the innermost trim coil.

Fig.4 The radial differential beam profile of 30MeV proton beam.

Table1 The beam current at the extraction radius with each initial beam

phase.
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Introduction
Radiotherapy (RT) is a definitive treatment option for cancers of

the head and neck. Indeed, the most common pathology of head

and neck lesions, squamous cell carcinoma (SCC), is radiosensi-

tive. Recently, RT with chemotherapy has been shown to improve

the local control and survival rates among patients with head and

neck SCC. However, tumors arising in the head and neck region

are of a variety of histological types. Most of these tumors are re-

sistant to RT, and therefore, RT is limited to post-operative or pal-

liative care for these tumors. Carbon ions offer a biological advan-

tage because, as compared with photons, carbon ions have

higher linear energy transfer components in the Bragg peak. Car-

bon ions also provide a higher degree of physical selectivity be-

cause they have a finite range in tissue. Therefore, carbon ion (C-

ion) RT permits better dose conformity than can be obtained with

photon RT. Consequently, C-ion RT can potentially control radio-

resistant tumors while sparing normal tissues. We previously re-

ported the clinical results by histology after C-ion RT for head and

neck malignancies [1]. However, it was hard to show the uniform

clinical data with respect to both histology and the primary site

because of the small number of results.

In this report, we introduce our recently published clinical data

regarding sinonasal adenocarcinoma and squamous cell carci-

noma of the external auditory canal treated with C-ion RT [2, 3].

Materials and Results
Sinonasal adenocarcinoma

Malignant tumors of the sinonasal tract are relatively rare, ac-

counting for 3% of all head and neck malignancies. Adenocarci-

nomas account for 10%－20% of all primary malignant tumors of

the nasal cavity and paranasal sinuses.

Although surgery is the most important treatment for sinonasal

adenocarcinoma, there are few reports on the clinical outcomes of

radiotherapy alone for sinonasal adenocarcinoma. The objective

of this study was to evaluate the effectiveness and safety of C-ion

RT for patients with locally advanced sinonasal adenocarcinoma.

A total of 22 patients with sinonasal adenocarcinoma were en-

rolled in the study between June 1997 and January 2010 (Fig.1).

Nineteen tumors (86%) were classified as T4. C-ion RT was ad-

ministered on a fractionation schedule comprising 64.0 Gy (RBE)/

16 fractions for 4 weeks. When a wide range of skin or mucosa

was included in the target volume, a dose of 57.6 Gy (RBE)/16

fractions for 4 weeks was used.

The 3-year and 5-year LC rates were 76.9% (95% confidence

interval [CI] = 56.7－97.1%) and 68.4% (95% CI = 44.5－92.3%),

respectively. The 3-year and 5-year OS rates were both 59.1%

(95% CI = 38.6－79.6%) (Fig.2).

Regarding acute reactions, grade 3 mucosal reactions were

observed in 4 patients, and grade 3 skin reactions, in 2. Grade 2

or higher eye toxicities were not observed, although some pa-

tients developed grade 1 conjunctivitis and/or tearing. Late reac-

tions included lateral visual loss (grade 4) in 5 patients in whom

the optic nerve was close to the tumor. Five patients developed

brain necrosis, as seen on MRI, 1 of whom developed convul-

sions that needed to be controlled by medical treatment (grade

2). The remaining 4 patients did not develop any clinical symp-

toms (grade 1).

Fig.1 A 60-year-old man presented with adenocarcinoma of the right

maxillary sinus. (a) The tumor invasion into the ethmoid sinus, or-

bital space, and pterygopalatine fossa was observed. Carbon ion

radiotherapy was administered at 64.0 Gy (RBE)/16 fractions. (b)

Six years later, this patient is without any disease.
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External auditory canal squamous cell carcinoma

Carcinomas of the external auditory canal (EAC) and middle

ear (ME) are rare. The incidence is estimated to be 1 to 6 patients

per million population per years 1 to 3. Squamous cell carcinoma

(SCC) is the most common histological subtype. There is no uni-

versal consensus on the optimal treatment for SCC of the EAC

and ME because of its scarcity. However, in general, the following

standard treatments are used for SCC classified according to the

Pittsburgh staging system: surgery or radiotherapy for T-

classification (T)1 tumors and surgery with or without radiotherapy

for T2, T3, and T4 tumors.

Although excellent clinical results for patients with early-stage

SCC of the EAC and ME have been reported, the prognosis of pa-

tients with advanced-stage disease, particularly T4, remains poor.

In a multi-institutional retrospective review, Ogawa et al. [4] re-

ported a 1-year disease-free survival (DFS) rate of 0% in 16 pa-

tients with T3 or T4 SCC of the EAC and ME treated with radiother-

apy alone. Accordingly, the objective of this study was to evaluate

the effectiveness and safety of C-ion RT for patients with locally

advanced SCC of the EAC and ME.

A total of 13 patients were enrolled in the study (Fig.3). Three

patients had T3 disease, and 10 patients had T4 disease. Patients

with metastatic lymph nodes that were localized around the pri-

mary tumor were included. Two patients were categorized as N1

and 1 patient as N2b. All patients were categorized as M0.

C-ion RT was administered on a fractionation schedule com-

prised of 64.0 Gy (RBE)/16 fractions for 4 weeks. When a wide

range of skin or mucosa was included in the target volume, a

dose of 57.6 Gy (RBE)/16 fractions for 4 weeks was used.

The 1-year and 3-year LC rates were 75.2% (95% CI = 50.6－
99.8%) and 56.4% (95% CI = 19.5－93.3%), respectively. The 1-

year and 3-year OS rates were 72.7% (95% CI = 46.4－99.1%)

and 41.6% (95% CI = 10.9－72.2%), respectively.

Acute skin reactions to C-ion RT occurred. Grade 1, grade 2,

and grade 3 skin reactions were observed in 5 patients, 6 pa-

tients, and 2 patients, respectively. Severe vertigo and tinnitus did

not occur during C-ion RT.

Regarding late reactions, 2 patients developed grade 3 tempo-

ral bone necrosis with skin ulcer. Four patients were judged to

have maximum grade 2 brain injuries. However, mild headache

was the only clinical symptom, which eventually disappeared.

None of the patients developed treatment-related facial nerve

palsy.

Discussion
Our findings suggest that C-ion RT has a greater biological ef-

fectiveness than radiotherapy and may be a viable treatment op-

tion for locally advanced sinonasal adenocarcinoma and SCC of

the EAC and ME, especially for unresectable tumors.

Advanced tumors in the sinonasal cavity and EAC often show

skull base and intracranial invasion. In those cases, it is impossi-

ble to spare the normal brain tissue completely. In our present

studies, several patients developed radiation-induced brain injury,

although most of the patients were asymptomatic. Recently we re-

ported that the brain volume receiving more than 50 Gy (RBE)

(brain V50) was a significant risk factor for the development of

brain injury after C-ion RT [5]. Spot scanning beam irradiation,

which can make a more conformal dose distribution than broad

beam irradiation, may reduce brain V50 and consequently the risk

of brain injury.

Conclusion
C-ion RT is effective and safe for patients with locally advanced

sinonasal adenocarcinoma and SCC of the EAC and ME.

Fig.2 Local control and overall survival rates of the patients with sinonasal

adenocarcinoma treated with carbon ion radiotherapy.

Fig.3 A 60-year-old woman presented with squamous cell carcinoma of

the left external auditory canal. (a) The tumor invasion into the in-

tracranial region was observed (yellow arrow). Carbon ion radio-

therapy was administered at 57.6 Gy (RBE)/16 fractions. (b) The pa-

tient developed asymptomatic brain necrosis (green arrow); how-

ever, 6 years later, she is without any disease.

Fig.4 Local control and overall survival rates of the patients with

squamous cell carcinoma of the external auditory canal treated with

carbon ion radiotherapy.
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Introduction
Resistance to chemo-radiotherapy is a major cause of treat-

ment failure in pancreatic ductal adenocarcinoma (PDAC). There-

fore, there is a strong need for new therapeutic strategies target-

ing PDAC’s chemo-radioresistant cells to elevate overall survival.

With increasing evidence supporting the existence of cancer

stem-like cells (CSCs), pancreatic CSC populations have recently

been identified based on cell membrane marker CD44＋/ ESA＋/

CD24＋ cells and CD133＋ cells. CSCs represent a subpopulation

of cells distinguishable from the bulk of the tumor based on their

exclusive ability to drive tumorigenesis and metastasis. Thus, the

development of new potent CSCs targeting therapeutics is highly

desirable.The heavy ion medical accelerator in Chiba (HIMAC)

has been used to treat various radioresistant tumors and has

achieved many promising results to date. However, limitation of

the dose elevation because of important organs very nearby the

pancreas is one of most critical problems for carbon ion beam ra-

diotherapy. Therefore, we speculated that a carbon ion beam

combined with chemotherapy might allow the doses of irradiation

to be reduced while still retaining some advantage in destroying

PDAC. Recently, our clinical trial showed that 58% of 2-year local

control survival rates and 54% of 2-year overall survival rates with-

out significant side effects were obtained by 45.6-55.2 GyE car-

bon ion radiotherapy combined with 1000 mg/m2 gemcitabine.

Based on the above findings in connection with our recent new

finding that a carbon ion beam has a marked effect on colon as

well as pancreatic CSCs [1, 2], which are resistant to photon

beams, in the present study, we try to examine the effects of the

carbon ion beam alone or in combination with gemcitabine on pu-

tative pancreatic CSC survival, DNA repair, and xenograft tumor

control compared to X-ray irradiation. To the best of our knowl-

edge, this is the first study to explore whether a carbon ion beam

combined with gemcitabine has a superior effect on pancreatic

CSCs at relatively low doses compared to carbon ion beam irra-

diation alone or conventional X-ray irradiation in vitro and in vivo.

RESULTS
As shown in Fig.1A, colony, spheroid formation and tumori-

genicity assays confirmed that CD44＋/ESA＋ cells sorted from PK

45 cells have more CSC properties than CD44－/ESA－ cells.

The number of colonies formed from CD44＋/ESA＋ cells was

significantly decreased after X-ray, carbon ion beam, and

gemcitabine-alone treatments, and it was further remarkably re-

duced when the carbon ion beam was combined with gemcit-

abine (Fig.1B). The spheroid size of cancer stem like CD44＋/

ESA＋ cells (delivered from PK45 cells) was significantly reduced

by carbon ion beam-alone, or gemcitabine-alone treatment but

not by X-ray irradiation alone, and it was extremely decreased af-

ter gemcitabine combined with either X-ray or carbon ion beam

treatment (Fig.1B). Fig.2 shows a clustergram from the Custom

RT2 Profiler PCR Array analysis after treatment with carbon ion

beam in combination with gemcitabine for PK45 cells. Apoptosis-

related gene expressions such as Bax, cytochrome c and Bcl2,

as well as autophagy-related genes such as LC3, p62, but not

ATG7, were significantly elevated by the carbon ion beam com-

bined with gemcitabine or gemcitabine alone compared to the

carbon ion beam-alone, X-ray alone or X-ray combined with gem-

citabine treatment. As shown in Fig.3A, not only the number but

also the size of foci (clustered DSB) in the cells was frequently

found to be affected by carbon ion beam treatment combined

with gemcitabine. Immunofluorescence analysis showed that

carbon-ion beam treatment of 30 Gy predominantly suppressed

expression of both CD44 and ESA. In comparison, even 60Gy X-

rays did not reduce expression of CD44 and ESA. The CD44 and

ESA expression was almost lost for carbon-ion beam treatment of

25 Gy in combination with 50 mg/kg of gemcitabine, whereas

these CSC markers were still expressed by X-ray treatment of 35

Gy in combination with gemcitabine (Fig.3B).

DISCUSSION
We found that in vitro RBE values for PNAC1 and PK45 cells af-
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ter carbon ion beam irradiation at the center of the SOBP (aver-

age LET was around 50-keV/μm) relative to the X-rays were about

1.71 to 2.18 when calculated by the D10 levels. Based on dose-

response curves for cell-killing effect on CSCs and non-CSCs af-

ter irradiation with either X-rays or carbon ion beams, the CSCs

showed resistance to both X-rays and carbon ions compared to

non-CSCs. However, CSCs were significantly radiosensitized

when the carbon ion beam was combined with gemcitabine. In

addition, spheroid formation abilities were predominantly reduced

by the carbon ion beam combined with gemcitabine compared to

that of the X-ray combined with gemcitabine. In the present study,

we firstly found that after treatment with carbon ion beam in com-

bination with gemcitabine for PK45 cells, not only apoptosis-

related gene expressions such as Bax, cytochrome c and Bcl2

but also autophagy-related genes such as LC3, p62, were

changed suggesting that carbon ion beam treatment combined

with chemotherapy may more powerful regarding inducement of

multiple cell death. In this study, a larger number as well as larger-

sized γH2AX foci formed when the carbon ion beam treatment

was combined with gemcitabine compared to those of the X-rays-

alone, carbon ion beam alone or X-ray combined with gemcit-

abine. This finding could explain why a high LET carbon ion beam

combined with chemotherapy had greater potential to induce un-

repairable complex cluster DSB. Most of the tumor cells were de-

stroyed after being irradiated with 35 Gy carbon-ion alone or 25

Gy carbon ion in combination with 50 mg/kg gemcitabine without

significant side effects. The CD44 and ESA expression was

slightly decreased with the carbon ion beam at dose of 15 Gy, but

significantly suppressed by either the 35 Gy carbon ion beam

alone or 25 Gy carbon ion beam combined with 50 mg/kg gemcit-

abine. In comparison, the expression of CD44 and ESA was in-

creased by X-ray treatment at a dose of 35 Gy, and still remained

even when combined with 50 mg/kg gemcitabine. This finding

suggests that a high dose of the carbon ion beam alone or rela-

tively low dose of the carbon ion beam combined with chemother-

apy can effectively eradicate CSCs. In summary, carbon ion beam

treatment combined with gemcitabine synergistically enhanced

pancreatic CSCs death via inhibition of DNA repair as well as ir-

reparable complex DNA damage, increasing apoptosis and auto-

phagy, and inhibiting cell proliferation at relatively low doses com-

pared to carbon ion beam-alone treatment.

Fig.1 A. Colony, spheroid formation and tumorgenicity of CD44＋/ESA＋ cells and CD44－/ESA－ cells delivered

from PK45. B. Colony and spheroid formation ability after radiotherapy by X-ray only , carbon ion beam

only, X-ray in combination with gemcitabine (GEM), and carbon ion beam in combination with GEM.

Fig.2 A.Clustergram of Custom RT2 Profiler PCR Array. B. Apoptosis and

autophagy-related gene expression changes.

Fig.3 A. Quantification of γH2AX foci size. B. CD44 and ESA expression

changes in vivo.
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Introduction
To make the best use of the characteristics of a carbon-ion

beam and provide flexible dose delivery, three-dimensional (3D)

pencil-beam scanning is an ideal irradiation technique [1]. As part

of the efforts to achieve ion-scanning therapy, a new treatment fa-

cility equipped with a 3D scanning irradiation system was con-

structed as an extension to the existing HIMAC. The 3D scanning

irradiation system has been utilized for treatment since 2011.

One of the aims at the new facility is to realize treatment of a

moving target by scanning irradiation. We started the treatment of

a moving target by scanning irradiation to the first patient as a

clinical study on March 4, 2015. To ensure the validity of both the

delivered dose and the gating system, patient-specific quality as-

surance (QA) for moving target irradiation requires an additional

procedure.

A second aim is the development of a superconducting rotating

gantry. To obtain smaller beam spread, some improvements and

developments have been made. A multi-energy (more than 200

energy steps) scanning method (ES) is one solution being tried to

obtain smaller beam spread.

In this highlight, we describe an additional patient-specific QA

for moving target irradiation and beam commissioning of the ES.

Patient-specific QA for moving target irradiation with
a scanned ion beam
Purpose

In the additional QA for moving target irradiation, by comparing

static and moving measurements, we confirm that there is no dif-

ference between them. Additionally, we check that the gating sys-

tem and fast scanning system work correctly during irradiation.

Patient-specific QA procedure

In the conventional patient-specific QA in HIMAC [2], the meas-

ured dose distributions are compared with the planned dose by

means of a 3D gamma index analysis. In the analysis, a distance

to agreement of 3 mm and a dose difference of 3% are employed

as accepted deviations.

In the additional QA for moving target irradiation, we place a 2D

ionization chamber (Octavius Detector 729 XDR, PTW Freiburg,

Germany) on the PMMA plate tilted with respect to the beam axis.

The PMMA plate is set on the stage of the moving phantom

(Model 008PL, CIRS). The moving phantom can be moved in the

transverse direction according to the patient data. We measure

the dose distribution for both the static target and the moving tar-

get. After the measurement, we derive the displacement that ex-

hibits the smallest dose difference between the measured result

for the static target and that for the moving target. The value of

half the residual motion is employed as the displacement crite-

rion. Then, considering the displacement, we compare the results

for the moving target with those for the static targets by means of

a 2D gamma index analysis.

Dosimetric verification with respiratory motion

In the conventional patient-specific QA, the measured dose dis-

tributions agreed well with those calculated by the treatment plan-

ning system, and the QA criteria were satisfied in all measure-

ments.

Fig.1 shows typical results of the additional patient-specific QA.

The residual motion was 4 mm and the displacement between

static and moving measurements was 1.5 mm. Therefore, the dis-

placement criterion was satisfied for this QA plan. Additionally, the

gamma analysis between the moving and static targets showed

good agreement. We confirmed that the gating and fast scanning

suppressed the interplay effect in the QA measurement.
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Experimental parameterization of pencil beam
dataset for energy scanning
Purpose

At present, for the depth direction, the hybrid depth scanning

method has been employed, in which 11 beam energies ranging

from 140 to 430 MeV/u are used in conjunction with the range

shifter. To suppress the beam spread due to multiple scattering

and nuclear reaction, we have developed the energy scanning

method as shown in Fig.2. Generally, a long time is required for

accelerator tuning and beam commissioning tests for treatment

by ES. Additionally, to calculate the dose distribution accurately, it

is necessary to obtain the pencil beam dataset including the con-

tribution due to the large-angle scattered (LAS) particles for ES.

However, the measurements or Monte Carlo (MC) calculations to

derive all parameters are too time consuming. Therefore, we pro-

pose a new approach to obtain the pencil beam dataset in a short

period of time.

Generation of pencil beam dataset

To reduce the time spent on beam data preparation, we took

the following approach. 1) The pencil beam dataset for 201 en-

ergy steps is interpolated and extrapolated from that for 26 ener-

gies. 2) The tuning process for parameters describing LAS parti-

cles is simplified.

To derive the parameters describing the LAS particles and the

integral depth dose (IDD), we measured the pencil beam dose

distribution in water with a parallel-plate ionization chamber with

concentric electrodes (PPIC with CE) [3].

The characteristic parameters describing the lateral spreads

can be derived from the outputs measured by PPIC with CE. Un-

der the assumption that the first component was dominated by

the primary ions, the lateral spread of the first component in water

was calculated analytically. The fraction of the first component

was derived by adjusting to obtain better agreement between

measured results (IDDs) and calculations with GEANT4. The lat-

eral spreads of the second and third components were approxi-

mated as invariant with respect to the depth.

Verification of new pencil beam dataset

Fig.3(a) compares beam size in ES and that in HS in air. The in-

crease of the beam size was larger in the case when the beam

range was shifted by inserting the range shifter plates rather than

changing the beam extraction energy of the synchrotron. There-

fore, in HS, the beam size showed discrete gaps at the range

where the beam energy was changed. The beam size in ES was

smaller than that in HS for the whole range.

To evaluate the validity of the new pencil beam dataset, the

dose distribution in an example clinical irradiation was measured

with the 2D-array ionization chamber in water. In Fig.3(b), the

measured lateral dose distribution is shown with the calculated

one. The calculation achieved good agreement with the meas-

ured result than the conventional calculation.

The new approach for ES makes it possible to easily obtain the

pencil beam dataset including the contribution due to the LAS

particles, while maintaining the dose calculation accuracy. Using

the new approach, we shortened the beam commissioning time to

about 1/20 of that without this approach.

Fig.1 Typical results of the additional patient-specific QA: (a) Time chart

of gated irradiation. Curved line shows respiratory waveform. (b)

Comparison between moving target and static target. The iso-dose

lines of the moving target (dashed contour) and the static target

(solid contour) show the dose difference.

Fig.2 Schematic of depth scanning methods: left, hybrid depth scanning

(HS), right, energy scanning (ES).

Fig.3 (a) Measured beam size at the isocenter as a function of residual

range. (b) Example of comparison between measured and calcu-

lated results.
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Introduction
Hydroxyl radical (●OH), which is a primary product generated

during irradiation as a radio-biological effect and is a practical ex-

ecutant of a radio-oxidative injury, is an important factor for regula-

tion of radio-redox-response. The spin-trapping agent, 5,5-

dimethyl-1-pyrroline-N-oxide (DMPO) reacts with ●OH to produce

DMPO-OH (spin trapped ●OH), which is a relatively stable nitroxyl

radical form that can be detected with an electron paramagnetic

resonance (EPR) spectrometer at room temperature. To detect
●OH efficiently, the concentration of DMPO, i.e. the molecular de-

tector, must be in excess of the ●OH generated in the irradiated

sample. Aqueous reaction mixtures containing several concentra-

tions of DMPO were prepared, and then the concentration of

DMPO-OH in the sample irradiated in an X-ray or carbon-ion

beam was measured using EPR. The density of ●OH generated in

the aqueous reaction mixtures was then analyzed.

Experimental
X-ray Irradiation

For X-ray irradiation, a 150 μL aliquot of the reaction mixture

was transferred into a polyethylene microtube, and kept on ice un-

til irradiation. X-ray irradiation was done at room temperature us-

ing the PANTAK 320S (Shimadzu, Kyoto, Japan). The effective X-

ray energy was 80 keV under the following conditions: X-ray tube

voltage, 200 kV; X-ray tube current, 20 mA; thickness and materi-

als of the pre-filter; 0.5 mm copper and 0.5 mm aluminum. The re-

action mixtures were irradiated with 32 Gy at a dose rate of 3.3 Gy

/min.

Carbon-ion Beam Irradiation

For the carbon-ion beam irradiation, a 350 μL aliquot of reaction

mixture was transferred into a thin, flat, polyethylene bag, and

kept on ice until irradiation. The polyethylene bag was attached to

a flat acrylic sample holder and irradiated at room temperature

with a 290 MeV/nucleon carbon-ion beam (C290-beam) using the

Heavy-Ion Medical Accelerator in Chiba (HIMAC). Irradiation ex-

periments at several LET conditions (20, 40, 60, 80, and 169 keV/

μm at the surface of the sample) were performed. The dose was

32 Gy.

X-band EPR Measurement

A 100 μL aliquot of irradiated reaction mixture was drawn into

PTFE tubing (i.d. 0.32 ± 0.001 inches, wall 0.002 ± 0.0005

inches; ZEUS, Orangeburg, SC). The PTFE tubing was set in a TE-

mode EPR cavity using a special quartz sample tube, and then

measured with an X-band EPR spectrometer (JEOL, Tokyo). EPR

conditions were as follows: microwave frequency, 9.4 GHz; micro-

wave power, 2.00 mW; main magnetic field, 337.9 mT; field modu-

lation frequency, 100 kHz; field modulation amplitude, 0.063 mT;

time constant, 0.3 s; and magnetic field sweep rate, 2.5 mT/min.

Table 1 Relation of the concentration, volume of space occupied,

molecule-to-molecule distance, and the linear density (on the

track of the beam)
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Results and Discussion
The association between the concentration of DMPO added to

the reaction mixture and the concentration of DMPO-OH gener-

ated after irradiation is shown in Fig.1. Irradiation by the X-ray

beam (Fig.1A) and two different C290-beam LETs (Figs. 1B and

C) were tested. Table 1 show the concentration, volume of space

occupied, and molecule-to-molecule distance, as well as the lin-

ear density (on the track of the beam), which was defined as the

reciprocal of the molecule-to-molecule distance.

The profiles of increasing DMPO-OH generation versus density

of DMPO (Fig.1) showed three phases: the steep, increasing

phase (phase-1); plateau phase (phase-2); and another increas-

ing phase (phase-3). A linear approximation through the origin

was fitted to phase-1 and phase-3. The linear increase in DMPO-

OH suggests that the concentration of DMPO in the reaction mix-

ture was not sufficient to trap all of the ●OH. This suggests that

●OH generation occurred with two different density, i.e. low and

high, in this reaction system.

The plot of DMPO-OH/DMPO had a shoulder around the DMPO

density of 125 μm－1, corresponding to a DMPO concentration of

3.3 mM, and then reached a plateau. This plateau suggests that

the density of DMPO on the beam track in the reaction mixture

was sufficient to trap most of the generated ●OH. This in turn sug-

gests that the low density of ●OH generation corresponded to a

concentration of 3.3 mM or higher. The molecule-to-molecule dis-

tance at a concentration of 3.3 mM was estimated to be approxi-

mately 8 nm (Table 1).

The plateau region of each plot in Fig.1 was not completely

horizontal, but had a gradual increase with increasing DMPO con-

centration. The DMPO-OH/DMPO plot had an additional steeply

increasing region, which could be fit with a linear approximation

through the origin. Such linear generation of DMPO-OH, propor-

tional to the DMPO density and through the origin, implies an in-

creased level of ●OH generation. The highest concentration of

DMPO tested in this study was 1685 mM, which corresponds to a

DMPO linear density of 1000 μm－1 (Table 1). The molecule-to-

molecule distance at a concentration of 1685 mM was estimated

to be 1 nm (Table 1). A very high density ●OH generation with a

molecular distance less than 1 nm could be detected with this re-

action system.

The highest concentration of generated DMPO-OH obtained

using 1685 mM DMPO, i.e. linear density of 1000 μm－1, was ap-

proximately 40 μM. The value was similar for the X-ray and C290-

beam irradiation conditions. The 32 Gy dose used in this study

may result in an identical amount of ionization and thus an identi-

cal amount of total ●OH generated, independent of the source of

radiation. Although the amount of DMPO-OH should reflect the

amount of ●OH scavenged, 40 μM is markedly lower compared to

the concentration of generated ●OH expected above, i.e. 3.3 mM

or 1.7 M. The DMPO-OH concentration obtained by EPR meas-

urement is an averaged concentration of the whole sample vol-

ume, suggesting that the ●OH generation may be localized on the

track of the radiation beam.

For photons, or X-rays in the present study, the generation of
●OH in water may occur as frequently as every 8 nm. In addition,

some dense ●OH clusters may be generated on the track of the

secondary electrons. The level of DMPO-OH concentration at the

shoulder, which reflects the sparse ●OH concentration, was

around 20 μM for the X-ray irradiation (Fig.1A). The highest con-

centration of DMPO-OH detected was approximately 40 μM,

which should reflect the total amount of ●OH. Therefore, the ratio

of sparse and dense ●OH generations induced by X-ray irradia-

tion could be expected to be 50% of sparse ●OH generation, i.e.

3.3 mM, and 50% dense ●OH generation, i.e. > 1.7 M.

DMPO-OH concentration at the shoulder was approximately 20

μM in the X-ray irradiation, while it was 12 μM for 169 keV/μm LET.

This result suggests that sparse ( 3.3 mM) ●OH generation de-

creased with the higher LET. Track structures reported for heavy-

ion beams are composed of a core and penumbra. The X-ray-like
●OH generation can be expected to be in the penumbra region,

with much denser ●OH generation in the core. When biological

molecules are in the vicinity of the track of the C290-beam, the ef-

fect of dense ●OH generation at the core region, i.e. > 1.7 M, may

be hardly distinguishable from the direct action of the radiation.

Fig.1 Relation between initial density of DMPO and concentration of

DMPO-OH generated in the irradiated reaction mixtures. Samples

were irradiated with 32 Gy (A) X-ray, (B) C290-beam with LET = 60

keV/μm, or (C) LET = 169 keV/μm. DMPO-OH/DMPO profiles

showed three phases: the steep, linearly increasing phase (phase-

1, gray circles/squares), the plateau phase (phase-2, open circles/

squares), and another linearly increasing phase (phase-3, black cir-

cles/squares) in all experiments.
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Introduction
Recent developments in irradiation techniques allow us to de-

liver higher radiation doses into tumors while suppressing normal

tissue irradiation. Although this has led to improved local control,

local recurrence also observed in some cases. Local recurrence

is likely to be caused by existence of radioresistant cancer cells in

the irradiated tumors. In addition, in vitro study has shown that ra-

dioresistance in cancer cells could be induced by repeated X-ray

irradiation. This suggests that recurrent tumors after radiotherapy

also acquire radioresistance in clinical situations. On the other

hand, it is known that the carbon ion beam (C-ion) irradiation is an

effective treatment for X-ray resistant tumors, such as melanoma

[1] and osteosarcoma [2]. This is because C-ion irradiation has a

higher relative biological effectiveness (RBE) compared to X-ray

irradiation and it has an excellent dose distribution due to the

Bragg peak. Therefore, re-treatment with C-ion irradiation is ex-

pected to be an effective therapeutic strategy to deal with recur-

rent tumors.

While C-ion irradiation is a promising treatment for radioresis-

tant tumors, it is unclear whether C-ion irradiation is also effective

for radioresistant cancer cells which are produced by repeated X-

ray irradiation. In this study, we obtained radioresistant cancer

cells by means of repeated X-ray irradiation, and found that the

repeated X-ray irradiations in vitro induced not only X-ray resis-

tance but also C-ion resistance in cancer cells [3].

Establishment of radioresistant cancer cells
Mouse squamous cell carcinoma cell line NR-S1 was used in

this study. To establish the radioresistant cancer cells, NR-S1 cells

were irradiated 6 times with 10 Gy of X-ray. After the irradiation of

total dose 60 Gy, we established NR-S1-X60 (X60) cells as the ra-

dioresistant cancer cells, and ten sublines (X60-A3, X60-A9, X60-

B11, X60-B12, X60-C3, X60-D4, X60-D9, X60-2, X60-4, X60-H2)

were cloned from the X60 cells.

Repeated X-ray irradiated cancer cells acquired not
only X-ray resistance but also C-ion resistance

To investigate whether X60 cells and ten sublines acquired X-

ray and C-ion resistance, we measured the survival fractions after

X-ray irradiation (200 KVp, 20 mA) or C-ion (290 MeV/n, approxi-

mately 55 keV/μm at the center of the spread out Bragg peak) for

each of the cell types. The X60 cells were significantly resistant to

X-ray irradiation (Fig.1A). The survival fraction of X60 cells for an X

-ray beam of 10Gy was approximately 3.8-fold higher than that of

NR-S1 cells. Surprisingly, the X60 cells were also resistant to C-ion

irradiation. The X60 cells were 9.8-fold more resistance to C-ion ir-

radiation compared with NR-S1 cells (Fig.1B). The X60 cells were

Fig.1 X-ray (A) and C-ion (B) sensitivity of NR-S1 (solid) and X60 (dash)

cells. The survival fractions of NR-S1, X60, and sublines. The white

and gray boxes indicate the values at 10 Gy of X-ray and 5 Gy of C-

ion irradiation.
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likely to contain many subpopulations with different radiosensitivi-

ties because DNA damage was repeatedly induced in them by re-

peated X-ray irradiation. Therefore, we verified the X-ray and C-

ion sensitivities of each subline. X-ray sensitivity of each subline

varied widely. Significant X-ray resistance was observed in H2, A

3, and B12 cells compared with the NR-S1 cells. On the other

hand, all sublines had C-ion resistance compared with the NR-S1

cells (Fig.1C). These results indicated that repeated X-ray irradia-

tion induces heterogeneity in the cell population and confers not

only X-ray resistance but also C-ion resistance to the irradiated

cancer cells.

Changes in cellular characteristics in radioresistant
cells

After the repeated X-ray irradiation, we found morphological al-

terations in the X60 cells compared with NR-S1 cells (Figs. 2A, B).

Therefore, we measured the cellular characteristics, such as cel-

lular size, shape, heterochromatin domain number, DNA contents,

plating efficiency, doubling time, and cell cycle distribution in

each cell, and we statistically analyzed the correlation between

these cellular characteristics and radioresistance. As a result, we

found the cellular size and shapes in X60 cells and the X-ray irra-

diated sublines were significantly larger and more elongated

compared with those in NR-S1 cells. Moreover, the heterochroma-

tin domain number and DNA contents also significantly increased

compared with NR-S1 cells. The correlation analysis showed that

there was strong correlation between X-ray resistance and C-ion

resistance (Fig.2C). Furthermore, the heterochromatin domain

number significantly correlated with X-ray and C-ion irradiations

(Figs. 2D, E). These results indicated that repeated X-ray irradia-

tion induces various phenotypic changes in irradiated NR-S1

cells. Especially, the increased heterochromatin domain number

is closely associated with X-ray and C-ion resistances in cancer

cells.

Disappearance of γ-H2AX foci in radioresistant cells
A recent study showed that DNA repair in the heterochromatin

domain was different from that in euchromatin. Since the hetero-

chromatin domain numbers in X60 and radioresistant sublines

were significantly correlated with X-ray and C-ion resistances, we

expected that the DNA repair potential in X60 cells and the ra-

dioresistant sublines A3 and H2 cells were likely to be enhanced

compared with that in NR-S1 cells. To evaluate DNA repair poten-

tial, we measured the γ-H2AX focus numbers 24 hours after 10 Gy

X-ray and 5 Gy C-ion irradiations (Fig.3A). As a result, the γ-H2AX

focus numbers in X60, A3, and H2 cells were significantly lower

than that in NR-S1 cells (Fig.3B). As we expected, these results

demonstrated that DNA repair potential is enhanced in radioresis-

tant cancer cells.

Conclusion
In this study, we demonstrated that the repeated X-ray irradia-

tion generates not only X-ray resistance but also C-ion resistance

in cancer cells. The X-ray and C-ion resistances were significantly

correlated with the heterochromatin domain number. In addition,

we found that the DNA repair potential, which is measured by dis-

appearance of γ-H2AX focus numbers, was significantly en-

hanced in X-ray and C-ion resistant cancer cells. The C-ion resis-

tance in cancer cells has not ever been reported yet. Therefore,

we propose that the X60 cells and radioresistant sublines will be

useful experimental models for investigating the X-ray and C-ion

resistance induction in cancer cells.

Fig.2 Morphological difference between NR-S1 (A) and X60 (B) cells. The

upper and lower images are acquired by means of hematoxylin-

eosin staining and Hoechst 33342 staining, respectively. The black

and white scale bars are 50 μm and 10 μm, respectively. (C), (D),

and (E) show the correlation between X-ray and C-ion sensitivity, X-

ray sensitivity and heterochromatin domain number, and C-ion sen-

sitivity and heterochromatin domain number, respectively.

Fig.3 Disappearance of γ-H2AX after irradiations of 10 Gy X-ray and 5 Gy

C-ion beams. (A) shows the results of immunofluorescence staining

of γ-H2AX foci formation. γ-H2AX and Hoechst 33342 were stained

with green and blue, respectively. (B) shows the number of γ-H2AX

foci number. White, gray, slashed, and meshed boxes indicate the

focus numbers of NR-S1, X60, X60-A3, and X60-H2 cells, respec-

tively.
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The Heavy Ion Medical Accelerator in Chiba (HIMAC) was con-

structed as the first medically dedicated heavy ion synchrotron

and clinical research using it started in 1994. 2014 marked its 20th

anniversary. At the beginning, HIMAC was alone in this field due

to abandonment of the research in the USA and project cancella-

tions in Europe[1]. Presently, worldwide there are eight facilities

for heavy ion radiotherapy in operation, and six facilities are under

construction (Table 1). Exchanges of scientific information, experi-

ence, and personnel between the facilities are increasing yearly.

In addition, the number of facilities being planned has been rising

steadily. In order to satisfy increasing interests, the international

cooperation framework between NIRS and various partner insti-

tutes has been established. The list of NIRS’s overseas partners

established through memorandums is shown on page XXX of this

report. Two-thirds of the partner institutes are related to heavy ion

radiotherapy and the NIRS partnerships cover almost existing

heavy ion facilities.

The activity of joint research studies has a long history. NIRS

started research projects with heavy ions at HIMAC for basic sci-

ence in 1994, only four months after the start of clinical trials. Ap-

plications are accepted during two periods each year. The total

number of collaborating outside researcher-years has exceeded

ten thousand in twenty years. In fiscal year 2014, collaborating

outside researchers numbered 660, among whom about 20%

were from outside Japan. Many scientific results in the fields of

medicine, biology, and physics have been published and shared

worldwide[2]. Although the responsibility for these joint research

studies depends on the individual researchers, their fruitful results

have supported heavy ion radiotherapy at every facility. In addi-

tion, young researchers have developed under these joint re-

search programs and some of them have come to be employed

as talented staff members of each facility. These human relation-

ships strengthen the bonds of cooperation among the heavy ion

radiotherapy facilities.

Although these researcher exchanges have continued for many

years under the framework of joint research studies, a more sys-

tematic framework of international human resource development

has been recently established. Needs for heavy ion radiotherapy

depend on the situations and conditions in each country. There-

fore various programs offering personnel training are required.

NIRS has started offering training courses of different terms. For

beginners or non-specialists, a short-term training course is or-

ganized as a collaboration by several Japanese facilities. The

trainees attend basic lectures and go on site tours for a period of

less than one week. A middle-term training course including some

exercises and field reports is held for a period of a few weeks. A

long-term training course is conducted as on-the-job training with

a specific research subject for a period of over one year. In addi-

tion, there are some other terms for students in collaborating for-

eign universities. In 2014, 64 foreign trainees were enrolled in

NIRS’s various courses. Simultaneously, NIRS researchers pre-

sented many lectures and seminars on heavy ion radiotherapy

abroad. A majority of these activities belonged to the official part-

nerships.

The foregoing exchanges for each researcher or one-to-one

collaborations between NIRS and each partner are basic items of

the international cooperation. On the other hand, open and exten-

sive discussions among all such researchers and organizations is

also important to build a consensus in the community. Interna-

tional scientific meetings give chances for such discussions. The

HIMAC International Symposium 2015 “20-Year Anniversary

Fig.1 Audience at the HIMAC International Symposium 2015.
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Event” was held on January 19 and 20, 2015 in Tokyo, Japan.

There were 173 registered participants from 14 countries at the

symposium. One-third were guests from outside Japan. A total of

30 oral presentations were made in the medicine, biology, and

physics categories (Fig.1).

The most fascinating topics in this symposium were some future

prospects in the USA, presented by researchers at the University

of Texas Southwestern, University of California San Francisco,

Mayo Clinic, and Colorado State University. Their reports mean

the USA has come back to this field after a quarter century ab-

sence. A new clinical research grant made by the National Insti-

tutes of Health has been discussed with collaborators. Other

popular topics were recently obtained clinical results, future re-

search plans, and the current status of construction projects in

Europe, presented by the Heidelberg Ion Beam Therapy Center

(HIT), Italian National Center for Oncologic Hadrontherapy

(CNAO), and EBG MedAustron. It is expected two new facilities

will be operating within a few years. Other fruitful topics were suc-

cessful commissioning and construction projects in Asia, pre-

sented by the Institute of Modern Physics (IMP), Shanghai Proton

and Heavy Ion Center (SPHIC), and Korea Institute of Radiologi-

cal And Medical Sciences (KIRAMS).

In addition, Japanese facilities also reported their statuses and

progresses. Japanese experiences with over ten thousand pa-

tients made favorable impressions on all audience members that

clinical results have clearly demonstrated the advantages of

heavy ion radiotherapy and the operation scenario has been es-

tablished. Information about each facility is summarized in Table

1. There is no doubt that the symposium encouraged the further

advancement of heavy ion radiotherapy through fruitful discus-

sions among specialists. A similar international symposium was

held four years ago[3]. It is expected such regular meetings in

combination with one-to-one collaborations in a network will help

to form a community of heavy ion radiotherapy researchers and

users.
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Table 1 Heavy ion radiotherapy facilities in operation and under construction.

Institute/
Hospital

Name of
facility

Location
(Country)

Start
year

Total
patients

Treatment
rooms

Irradiation port Irradiation
method

Max. energy
MeV/u

Beam
intensity (/sec)H V Other

Lawrence Berkeley
Laboratory (LBL)

Bevalac
Berkeley

(USA)
1975-
1992

433 1 1 0 0
Scatterer/
Wobbler

670
for Ne

1×1010/pulse

National Institute of Radio-
logical Sciences (NIRS)

Heavy Ion Medical Accel-
erator in Chiba (HIMAC)

Chiba
(Japan)

1994
9021

(Mar.’15)
6* 4 4

1
gantry

Wobbler/
Scanning

430 1.8×109

Gesellschaft fur Schweri-
onenforschung (GSI)

Schwerionen
Synchrotron (SIS)

Darmstadt
(Germany)

1997-
2009

440 1 1 0 0 Scanning 430 4×1010/pulse

Hyogo Ion Beam
Medical Center

Hyogo Ion Beam Medical
Center (HIBMC)

Hyogo
(Japan)

2002
6798

C：2146
(Dec.’14)

3+ 2 1
1

45deg.
Wobbler 320 2×109

Institute of Modern
Physics (IMP)

Heavy Ion Research Facil-
ity in Lanzhou (HIRFL-CSR)

Lanzhou
(China)

2009
213

(Dec.’14)
1 1 0 0

Wobbler/
Scanning

235 5×108/pulse

University Hospital
Heidelberg

Hidelberg Ionenstrahl-
Therapie Centrum (HIT)

Heidelberg
(Germany)

2009
2540

C：1723
(Dec.’14)

3 2 0
1

gantry
Scanning 430 1×109/pulse

Gunma University
Gunma-University Heavy-
Ion Medical Center (GHMC)

Maebashi
(Japan)

2010
1486

(Dec.’14)
4* 2 3 0 Wobbler 400 1.2×109

Fondazione Centro
Nazionale Adroterapia

Oncologica

Centro Nazionale
Adroterapia Oncologica

(CNAO)

Pavia
(Italy)

2012
429

C：318
(Dec.’14)

3 3 1 0 Scanning 400
4.5×108/

pulse

Kyushu International
Heavy-Ion Treatment

Center

Saga Heavy Ion medical
Accelerator in Tosu

(SAGA HIMAT)

Tosu
(Japan)

2013
547

(Dec.’14)
3* 3 1

1
45deg.

Wobbler 400 1.3×109

Shanghai Proton and
Heavy Ion Therapy Center

Shanghai Proton and
Heavy Ion Therapy Center

(SPHIC)

Shanghai
(China)

2014
35

C：22
(Dec.’14)

4* 3 0
1

45deg.
Scanning 430 1×109/pulse

Kanagawa Cancer Center
Ion-Beam Radiation

Oncology Center
in Kanagawa (i-ROCK)

Yokohama
(Japan)

2015
(plan)

― 4 4 2 0
Wobbler/
Scanning

430 1.2×109

Rhoen-Klinikum
Marlburger Ionenstrahl-
Therapiezentrums (MIT)

Marlburg
(Germany)

2015
(plan)

― 4 3 0
1

45deg.
Scanning 430 1×109/pulse

Wuei City Cancer Hospital
Heavy Ion Therapy

Facility in Wuwei (HITFiW)
Wuwei
(China)

2015
(plan)

― 4 2 2
1

45deg.
Wobbler/
Scanning

400 4×108

EBG MedAustron Ltd. MedAustron
Wiener

Neustadt
(Austria)

2016
(plan)

― 2+ 2 1 0 Scanning 400 1×109

Gansu Province Cancer
Hospital

Heavy Ion Therapy Facil-
ity in Lanzhou (HITFiL)

Lanzhou
(China)

not
det.

― 4 2 2
1

45deg.
Wobbler/
Scanning

400 4×108

Korean Institute of
Radiological and Medical

Sciences (KIRAMS)

Korean Heavy Ion Medi-
cal Accelerator (KHIMA)

Busan
(Korea)

2017
(plan)

― 3 2 3 0
Wobbler/
Scanning

430 1.2×109

* includes room under construction
+ excludes other rooms for proton therapy only
xxx shutdown facilities are indicaterd by strikeout text
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Introduction
Exposure to ionizing radiation (IR) induces various types of

DNA damage in human cells. The DNA double strand break

(DSB) is thought to be the most deleterious among IR-induced

damage types, and its inappropriate repair leads to cell death or

severe failure such as chromosome aberration. Therefore, cells

have developed a sophisticated system called the DNA damage

response (DDR) to cope with the damage. DNA repair is a crucial

part of the system, and there are two major DSB repair pathways

in human cells, non-homologous end-joining (NHEJ) and homolo-

gous recombination (HR). NHEJ directly rejoins the two broken

ends through the action of DNA-PK, a kinase complex. HR re-

quires an early process, called DNA end resection, to generate

the single strand DNA (ssDNA). A critical player in the initiation of

this process is CtIP, which works together with Mre11 nuclease.

High linear energy transfer (LET) radiation, such as heavy ion

beams, induces complex DSBs with clustered damages. Since it

was elucidated that the efficiency of NHEJ in repairing complex

DSBs was diminished, we determined if the heavy ion beam-

induced complex DSBs could enhance end resection. Given that

the DDR network is critically regulated via phosphorylation, we fo-

cused on the analysis of the signal. ATM (Ataxia telangiectasia

mutated) is a key kinase in IR-exposed human cells, and phos-

phorylates a number of DDR-related proteins including CtIP. An-

other key kinase is ATR (ATM and Rad3-related). Although ATM is

activated by a DSB end, the ssDNA is a requisite structure for ATR

activation, which can be produced through DNA end resection at

DSB sites.

In this report, we show how critical a factor the complexity of the

DSB structure is for the repair pathway choice and the conse-

quent checkpoint signaling. In addition, we describe the novel

characteristics of CtIP at heavy ion-induced DSB foci.

Results and discussion
Following horizontal irradiation with heavy ion beams, human

cells exhibit clear DSB tracks that are represented by the γH2AX,

a marker of DSB (Fig.1). When the DNA broken end is resected,

the exposed ssDNA will be immediately coated with RPA, an

ssDNA binding protein complex, and then each subunit of RPA

such as RPA2 is phosphorylated at the DSB site. Therefore, the

PRA or phospho-RPA (pRPA) signal can be a marker of end re-

section. As is indicated in Fig.1, the majority of γH2AX foci colo-

calize with pRPA foci, and it turns out that more than 80 % of the

DSBs along the high LET heavy ion particle trajectory are sub-

jected to resection (pRPA-signal positive). This suggests that the

complexity of DSB is a critical factor enhancing end resection.

Furthermore, around 30 % of a subset of cells in the G1 phase

possess resection activity, which is also dependent on CtIP as

with other cell cycle phases [1]. The resection activity of human G

1 cells was confirmed by another group of heavy ion researchers

at GSI (Darmstadt, Germany) [2]. The difference between the re-

section signal-positive cells and the resection signal-negative

cells remains to be elucidated.

Heavy ion beam irradiation induces substantially more CtIP and

RPA2 phosphorylation compared with X-ray irradiation (Fig.2). The

hyperphosphorylation of CtIP arises within 20 minutes and is de-

pendent on ATM. Since the rapid phosphorylation of CtIP reverts

to a phosphorylation status that appears similar to that in mock-

irradiation, it is suggested that the hyperphosphorylation of CtIP

correlates with the initiation of resection [1]. Our immunofluores-

cence (IF) experiments revealed that tracks of CtIP foci can be

Fig.1 Immunofluorescence (IF) image of human cells irradiated with

iron ion beams. Fixed cells were stained with anti pRPA2

(phosphorylated-RPA2) and anti γH2AX antibodies.
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observed 30 minutes after irradiation at DSB sites, and are main-

tained for at least 8 hours (Fig.3). The number of CtIP foci in-

creases up to 4 hours after irradiation, and it is then maintained for

at least 15 hours with only a slight decline. It should be noted that

the kinetics of CtIP foci formation is similar to that of RPA foci [3].

These results imply that CtIP foci are formed when resection is al-

ready initiated and are maintained until the completion of DSB re-

pair. A careful analysis by western blotting demonstrated that CtIP

is maintained in a hypophosphorylated state at later times, which

is regulated by ATM and ATR. Furthermore, it turned out that CtIP

molecules that are recruited to DSB sites for the initiation of resec-

tion are rapidly processed by protein degradation, and that new

CtIP molecules are subsequently recruited to maintain the pres-

ence of CtIP at the DSBs. Collectively, the novel behavior of CtIP

strongly suggests that CtIP has an additional function (or func-

tions) during the process of resection/HR after the extension of the

ssDNA region (Fig.4) [3].

It is well known that ATM is the primary kinase to regulate the G

2/M checkpoint signaling in IR-irradiated cells. However, it is rea-

sonable to speculate that the ATR signaling pathway becomes

more active in cells exposed to heavy ion beams than X-rays, be-

cause RPA-coated ssDNA generated by resection is a key struc-

ture for the activation of ATR. In fact, our results of G2/M check-

point assay revealed that IR-induced G2/M arrest occurred in an

LET-dependent manner in ATM-deficient cells, demonstrating that

ATR pathway can be rapidly activated and function in an ATM-

independent but DSB complexity-dependent manner [4].

Conclusion
Our study has revealed that the complexity of DSB is a critical

factor for enhancing DNA end resection and for activating the ATR

signaling pathway for G2/M checkpoint regulation. Furthermore,

we are currently trying to determine a sequence of response con-

necting the repair pathway choice and cell fate decision (Fig.5).

How the repair pathway choice is regulated is an intriguing ques-

tion and is still largely unknown. The analysis of CtIP functions

should provide further insight into the process, as well as mecha-

nisms of resection/HR. In addition, as recent work has shown that

CtIP expression is decreased in some types of tumor cells and the

expression level correlates with clinical prognosis, it can be ex-

pected that better understanding of CtIP regulation will also lead

to improvement in carbon ion radiotherapy. In conclusion, for in-

novative progress in radiotherapy it is crucial to shed light on the

whole response at the molecular level in human cells exposed to

heavy ion beams.

Fig.2 Western blotting analysis of irradiated human cells. Whole cell

lysates were analyzed with the antibodies indicated.

Fig.3 Cells were horizontally irradiated with carbon ion beams, fixed at

the indicated time points and stained with the antibodies indicated.

Fig.4 Novel characteristics of CtIP at the DSB site suggest its additional

function(s).

Fig.5 Difference of the DNA damage response between low LET and high

LET radiations.
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