
The second term NIRS International Open Laboratory (IOL) was

started in April 2011 with four new units and its term was com-

pleted in March 2014 after three years of active international col-

laborative research activities. Dr. Makoto Akashi was named Di-

rector of the second term IOL and the operation was assisted by

two Vice Directors (three in the third year). Recently an article re-

garding the second term IOL was published in the special issue

of Journal of Radiation Research (Okayasu R. J. Radiat. Res. 55: i

68-i69, 2014.), and we encourage readers to see this article to

learn more about this exciting program. Since 2013-2014 is the fi-

nal year for the second term IOL, we had international peer re-

views on the progress and accomplishments of all four units. Eight

international experts in the field of radiation sciences were chosen

to review four units and the reviews were performed by correspon-

dence at the end of 2013. IOL units received seven “Excellent (S)”

grades and one “Very Good grade (A)”, indicating that the sec-

ond term IOL was evaluated with extreme enthusiasm. Moreover,

many reviewers recommended IOL be continued if the funds are

available.

We also had the final report meeting for the second term IOL on

the 29th of January 2014 at NIRS. All of IOL’s five Distinguished

Scientists (DSs) participated as well as many attendees from in-

Fig.1 NIRS second term IOL final report meeting on January 29, 2014.
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side and outside of NIRS. In this final meeting, four unit leaders

presented their valuable research accomplishments and the five

DSs also shared their recent findings, mainly those that resulted

from IOL collaborations. We had very useful and in depth discus-

sions on various subjects which were initiated through the IOL

program. We have received many positive comments for the

meeting and a substantial number of people outside of NIRS sug-

gested that the IOL program be continued. A photo taken during

this final meeting is shown in Fig.1.

In order to summarize what we have performed during the sec-

ond three year term, we have published a small report describing

research activities from four second term IOL units. In this publi-

cation, detailed descriptions of research accomplishment from

each unit are given as well as information on international visitors

through the IOL program, publications (peer-reviewed and oth-

ers), meeting presentations, and external grant funding, etc. In

addition this publication provides the results of international peer

reviews with actual comments from the reviewers as well as post-

ers from four large IOL meetings since 2011. We also have spon-

sored an international exchange activity within NIRS called “Fri-

day Afternoon Get-together” almost every month, and some infor-

mation on this gathering is also given in this publication. Fig.2

shows the cover of this small book on the final report of the sec-

ond term IOL.

In conclusion, the NIRS IOL has significantly contributed to the

advancement of international collaborations and exchanges, and

the continuation of a similar international research program is de-

sirable to advance research accomplishments within the Institute

and beyond.

Fig.2 Cover of NIRS IOL Second Term Final Report
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The Radiation Response Model Unit aims at understanding the

biological response in fractionated C-ion RT as well as to explain

the splendid clinical efficacy of C-ion. Working with the world-

famous medical physicist Prof. Brahme and his laboratory in the

Karolinska Institutet, the Unit carried out research activities for 2

terms, representing a total of 6 years. In the second term, which

included FY2013 we focused on the following themes:
● Consideration of biologically optimized ion RT and the Repair-

able Conditionally Repairable (RCR) model
● Cell survival response of normal tissue to fractionated irradia-

tion
● Repair kinetics to be implemented into the biological model

used in ongoing C-ion RT
● Cell survival response of malignant tumor cells (GBM)

Some details are shown below.

Cell survival response to fractionated irradiation [1]
Radiation therapy is usually carried out on a fractionated irra-

diation basis to avoid serious side effects. C-ion RT is no excep-

tion; however, due to its superior dose localization to the tumor,

hypofractionation is considered to be feasible. In fractionated

therapeutic irradiation strategies, repair is thought to be com-

pleted before the subsequent irradiation. In other words, the dose

response is considered to be identical among irradiations. In or-

der to understand the response, we carried out an in vitro frac-

tionated irradiation experiment with carbon ion beams that mim-

icked the clinical schedule with human cells. Two human normal

cell lines, NB1RGB (normal human skin fibroblast cell line) and

HFL-I (normal embryonic lung fibroblast cell line) were chosen

and irradiated with C-290 MeV/n beam. The cells were irradiated

at two different irradiation depths where the dose-averaged LET

was approximately 13 and 75 keV/μm, respectively. The cells

were almost 100% confluent by the first day of irradiation. For the

fractionations, doses of 0.15-5.5 Gy were delivered to each cell

flask placed at the isocenter for the single-, two-, three-, or four-

dose fractionated irradiation over a 24-h interval. For the delayed

assay, the cells were incubated for 24 h post-irradiation to deter-

mine cell survival as a function of the delayed plating time. A

delayed-assay experiment was also conducted with the cells in

order to reveal the extent of damage repair. These experiments

were carried out also with X-rays as a reference for the carbon

beam. The results were analyzed by integrating the damage re-

pair process into the linear-quadratic (LQ) model as shown below:���������	
��
� ���
������ ��
Here, n is the number of irradiations, d is the fraction size [Gy], γ
reflects the extent of PLDR (potentially-lethal damage repair) and�����corresponds to the accumulation of SLD(sub-lethal dam-

age).

Through the fractionated-irradiation experiment, we found that

the cell survival in the fractionated irradiation cannot be explained

as a simple repeat of a single irradiation, i.e., the additional PLDR

and SLDR factors as shown above are necessary to reproduce

the data by the LQ model. Table 1 summarizes the SLDR and

PLDR parameters. Concerning the SLDR, the SLD was com-

pletely repaired for X-rays, but about 30% of the SLDs were left

unrepaired following exposure to 75 keV/μm carbon ions. The γ
values derived by best fits were almost identical with those de-
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Table 1 PLDR and SLDR indexes (γ and θ) of NB1RGB and HFL-I cells for
X-ray or carbon beams

α [Gy-1] β [Gy-1] γ θ

NB1RGB X-ray 0.59±0.17 0.05±0.02 0.46±0.00 0.09±0.06
Carbon

13 keV/μm
0.43±0.05 0.01±0.01 0.67±0.05 0.00±0.00

Carbon
75 keV/μm

1.32±0.04 <0.001 0.79±0.06 0.30±0.02

HFL-I X-ray 0.43±0.14 0.06±0.02 0.47±0.04 <0.001
Carbon

13 keV/μm
0.68±0.07 0.03±0.02 0.36±0.09 0.12±0.14

Carbon
13 keV/μm

1.21±0.04 <0.001 0.93±0.06 0.34±0.13
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rived from the delayed assay except for the HFL-I for 13 keV/μm.

In this study, the cross term between the PLDR and SLDR was not

taken into consideration, which likely caused the discrepancy.

The other possibility is that the repair capacity could change over

time during fractionated irradiation, while we assumed a fixed re-

pair capacity.

Consideration of repair kinetics in therapeutic model [2]
In the previous study, we assumed that PLDR and SLDR were

constant as a function of time. Successively we investigated the

kinetics of the repair. Concerning the biological model for C-ion

RT, a pragmatic model has been originally developed and used,

and recently the microdosimetric kinetic model (MKM) has been

introduced. The models have been integrated into the treatment

planning systems and successfully used in patient treatments. In

this study we tried to integrate the repair kinetics into the MKM.

In the MKM, the surviving fraction of cells can be predicted from

the dose absorbed by a subcellular structure referred to as a ‘‘do-

main’’ for any kind of radiation. When a population of cells is ex-

posed to ionizing radiation of a macroscopically measured dose

D, the dose absorbed by any individual domain, the specific en-

ergy z, is a random variable that varies from domain to domain

throughout the population of cells. The average of z over the en-

tire population of cells equals D. Ionizing radiation is assumed to

cause two types of primary lesion, type I and II lesions, in the do-

main. Each type of lesion is created with a probability proportional

to the specific energy z. A type I lesion is always lethal to the cell

containing the domain, assuming that it corresponds to a clus-

tered DNA damage that is difficult to repair and induces chromo-

some aberrations. A type II lesion may undergo one of four trans-

formations: (1) spontaneous conversion to a lethal unrepairable

lesion; (2) pairwise combination with another type II lesion in the

same domain to form a lethal unrepairable lesion; (3) spontane-

ous repair; or (4) persistence for a certain length of time, before

becoming lethal. In order to derive the rate constant of each path-

way, we performed split-dose experiments at HIMAC. Human sali-

vary gland (HSG) tumor cells were used for the experiments. This

is a reference cell line in our RBE definition showing a typical tu-

mor response among a variety of biological species. The flasks

containing the HSG cells were irradiated with the 290 MeV/n mono

-energetic carbon beam at the scanning port. The flasks were ex-

posed to two equal doses of the carbon beam of 2.5 Gy sepa-

rated by adjusting the time interval from 0 to 9 h.

With the parameters derived through the experiment, we made

treatment plans for a patient with prostate cancer, with a single

field from the right side of the patient. The biological doses of

2.65, 4.35 and 6.86 Gy (RBE) were prescribed to the target. In our

standard prescription for prostate cancer, the fractional dose of

2.65 Gy (RBE) is delivered for 16 fractions. The prescribed dose

of 4.35 Gy (RBE) for 8 fractions and 6.86 Gy (RBE) for 4 fractions

were chosen to give the same biologically equivalent dose of 2.65

Gy (RBE) for 16 fractions. The structure of the patient was numeri-

cally modeled with voxels of size Dx=Dy=Dz=2.0 mm. The Bragg

peak positions of the pencil beam were arranged on regular grids

of 2 mm spacing in the x and y directions on the layers of equal

depths of 2 mm water-equivalent length (mmWEL), which covers

the target volume with adequate margins for lateral and distal

dose falloffs. The number of carbon ions required for each posi-

tion was determined by the optimization algorithm of the treatment

planning system. It should be noted here that the aim of this study

was not to show the general conclusions specific for a prostate-

cancer case, but to investigate the effects of dose-delivery time

structure on biological effectiveness against the planning condi-

tion for typical tumors using the response of our standard HSG

cells.

An example of the planned and recalculated equivalent acute

dose distributions, with the interruption times of 0, 3 and 30 min, is

shown as Fig.1. When the dose delivery was interrupted, the bio-

logical effectiveness can be reduced compared to the plan. The

reduction will be less than 2.0% for s shorter than 5 min. However,

if the interruption is prolonged to 20 min or more, the biological ef-

fectiveness can be influenced significantly.

These outcomes will contribute to realize further optimized ion

RT in the future.

Fig.1 The equivalent acute dose distribution in a prostate-cancer patient

with the interruption times of: (a) 0 min, i.e. the planned distribution;

(b) 3 min; and (c) 30 min. The prescribed dose of the plan was 2.65

Gy (RBE).
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Introduction
Clinical ion-beam therapy has started with carbon ions in 1996

at HIMAC-NIRS. Prior to clinical therapy, we had performed radio-

biological studies, especially focused on relative biological effec-

tiveness (RBE) and oxygen enhancement ratio (OER) to estimate

suitable dose distribution in the SOBP that will be applied for pa-

tients. The OER is believed to have a three-fold effect on the dose,

and it depends both on the partial oxygen concentration (pO2)

and linear energy transfer (LET)(Fig.1). However it was neglected

and not taken into account in the dose design of the treatment

beam, because it was not realistic to know the distribution of the

actual pO2 in a patient’s tumor at that time. The hypoxic fractions

in a tumor consist of both chronic- and acute- areas, and they

changes dynamically resulting from an imbalance between oxy-

gen supply and consumption. As a tumor grows, it rapidly out-

grows its blood supply, leaving portions of the tumor with regions

where the oxygen concentration is lower than in normal tissues.

Recently, functional-imaging-techniques have been making

rapid advances in NIRS and worldwide, and it will be possible to

know the distribution of pO2 in a tumor in the near future.

OER is still the most important factor even in heavy ion radio

therapy, however there are no biological data concerning how

OER values change with the pO2 in a tumor with respect to high-

LET radiations.

The Particle Beam Quality Research Unit (Fig.2) has estab-

lished in the International Open Laboratory in 2011 following es-

tablishment of the other 3 units in 2008, in collaboration with Dr.

Marco Durante (Director of the Biophysics Department of the GSI

Helmholtz Center, Darmstadt, Germany, and President of the In-

ternational Association of Radiation Research (IARR)). GSI is act-

ing as a pioneer in Europe for ion-beam radiotherapy just as NIRS

acts in Japan. A kick-off meeting was held in Darmstadt in Sep-

tember 2011 to discuss details of a new research project with the

unit in NIRS. We decided to focus on OER and LET at different

pO2 conditions in cells. We invited Dr. Walter Tinganelli to perform

biological experiments at HIMAC, NIRS and to started research

with other staff members in NIRS and GSI.

Fig.2 Kick off meeting of the unit at Darmstadt University of
Technology, Darmstadt, Germany in September 2011. Dr.
Y. Matsumoto, Dr. R. Hirayama, Dr. S. Fukuda (from the left
to right of the 1st row). Dr. M. Durante (wearing a hat in the
center), Dr. W. Tinganelli (on the far left in the 2nd row), and
other staffs in GSI.

Fig.1 Expected Oxygen Enhancement Ratio (OER) and partial oxygen

concentration (pO2) to ion beams at different Linear Energy Transfer

(LET).
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Experimental
Glass petri dishes with 200,000 CHO cells (Chinese hamster

ovary) were kept in different hypoxic gas conditions and irradiated

through a thin copper and aluminum window (Fig.3). Several oxy-

gen concentrations have been adopted for the present project.

Mixing three different gases: carbon dioxide, nitrogen and air (as

oxygen), we can obtain the required oxygen concentrations: 1)

anoxic condition (～0% oxygen), 2) hypoxic condition (0.5%,

0.15, and 2% oxygen), and 3) oxic condition (95 % air). The sam-

ples were irradiated with different ions and LETs (13, 30, 50, 60,

70, 100,～150, and 300 keV/μm) at HIMAC-NIRS and SIS-GSI ac-

celerator facilities or X-ray generators. After irradiations, colony

formation assays were performed in ambient air.

It is believed that relative sensitivity of one at the anoxic condi-

tion (0% pO2) increases with increase of pO2 quickly to become

two at the 0.5% pO2 hypoxic condition, and reaches a saturated

level of 3 at several tens of percent [1] for low-LET photons. This

might be the same for high-LET radiations such as particle

beams, but we do not have actual biological experimental data,

so we performed OER experiments with cultured cells at different

hypoxic conditions to high-LET radiations. The results showed a

reasonable agreement with the prediction model and with the pre-

vious data from GSI, especially in the slope region as shown in

Fig.4. The higher OER value found for the very high LET is due to

fragmentation of the large ions, since we used the HIMAC-NIRS

passive beam experimental room.

The results will be used for the implementation of adaptive treat-

ment planning [4,5] in TRiP98. This experimental OER distribution

with LET and pO2 may also be applicable for dose/LET-painting in

a patient’s tumor as well as RBE when an improved functional mo-

lecular image gives a distribution of oxygen concentration in the

tumor.

Fig.3 Irradiation chamber made by metals with thin window. CHO cells grown on the grass dishes were set in the

chamber and 92-95% N2, 5% CO2 and 0, 0.15, 0.5, or 2.0 % O2 mixed-gas was flow prior to 0.5-1.0 hour irra-

diation. Heavy ion beams were exposed to the cells at different LET and different dose through the window [2].

Fig.4 Oxygen enhancement ratio (OER) at 10% survival level versus linear energy transfer (LET) of heavy

ion beams at different partial oxygen concentrations pO2 (values in percent) in CHO cells [2,3].
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