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Table 3 Summary of local control after stereotactic body radiotherapy for liver tumor

First author Ref. Target Year Case no. Total RT dose Fr no. LC Timing of LC
Blomgren H [30] HCC 1995 20 15-45 Gy 1-5 80% 1.5-38 mo
Tse RV [26) HCC & IHC 2008 4 36 Gy 6 65% 12 mo
Cardenes HR [31] HCC 2010 17 36-48 Gy 3 100% 10-42 mo
Kwon JH 32] HCC 2010 42 30-39 Gy 3 68% 36 mo
Louis C [33] HCC 2010 25 45 Gy 3 95% 24 mo
Seo YS [34] HCC 2010 38 33-57 Gy 3-4 66% 24 mo
Andolino DL [28] HCC 2011 60 40 Gy, 44 Gy 5 90% 24 mo
3
Kang JK [29] HCC 2012 50 42-60 Gy 3 95% 24 mo
Takeda A [21] HCC 2013 63 35-40 Gy 5 92% 36 mo
Herfarth KK (10 ML 2001 37 14-26 Gy NA 78% 57 mo
Wada H [11] ML 2004 34 45 Gy 3 86% 12 mo
Kavanagh BD [12] ML 2006 36 60 Gy 3 93% 18 mo
Hoyer M [13] ML 2006 64 45 Gy 3 63% 24 mo
Katz AW [14] ML 2007 69 30-55 Gy NA 57% 20 mo
Lee MT [16] ML 2009 68 27.7-60 Gy 6 71% 12 mo
Rusthoven KE N7 ML 2009 47 36-60 Gy 3 92% 24 mo
Rule W [18] ML 2011 27 30 Gy, 3 56% 24 mo
50 Gy, 5 89%
60 Gy 5 100%
Chang DT [19] ML 20M 65 46-52 Gy 3 90% 12 mo
Fumagalli | [20] ML 2012 90 15 Gy 3 66% 24 mo

Abberiviation: HCC hepatocellular carcinoma, /HC intrahepatic cholangiocarcinoma, ML metastatic liver tumor, RT radiotherapy, Fr = fractions, LC = local

control, mo months.

LCR might be overestimated using cumulative LCR like
the present report because patients who died without the
evidence of local recurrence were excluded. Since the pure
LCR want to be calculated, the patients who died without
local recurrence were treated as a censored case. Takeda
et al. [21] reported that LCR after SBRT for lung metasta-
ses from colorectal cancer with a 2-year LCR of 72% was
worse than that for primary lung cancer and also in the
present study, LCR for liver metastases from colorectal
cancer was slightly worse than that for HCC or liver
metastases from other cancers, although there was no
significant difference. The patient number at this time
may be too small to detect the significant differences
on LCR among three groups.

To improve our results of local control and so on, we
may increase radiation dose. The median BED,, in this
study was 96 Gy for patients with HCC and 106 Gy with
metastatic liver tumor. Although it is natural that BED;,
is over 100 Gy in the SBRT for lung tumor, the fact may
be not true of the SBRT for liver tumor. Although the
aim of SBRT is to deliver a high ablative dose to destroy
tumor cells, the optimal treatment dose should be deter-
mined based on both tumor control and long-term safety

because radiation damage to the normal liver tissue is
dose-volume-dependent [35,36]. In SBRT for liver tumors,
the prescribed dose and fraction vary across studies,
ranging from 24-60 Gy in 2-6 fractions, and most
studies focused predominantly on liver metastases [37].
Since metastatic lung tumors require dose escalation due
to relatively low radio-sensitivity [38], increasing the dose
to metastatic liver tumors appears to be reasonable, and
patients with normal liver function treated with SBRT
have rarely developed RILD. In contrast, dose escalation
in HCC patients with decompensated cirrhotic liver dis-
ease may be disadvantageous with respect to normal liver
tolerance. A dose-control relationship has been described
for patients treated with SBRT for liver and lung metasta-
ses. In an analysis of 246 lesions treated with three-fraction
SBRT for primary or metastatic tumors within the lung or
liver, McCammon et al. [39] demonstrated significant im-
provement in local control with increasing dose and the
3-year local control rate in their series was 89.3% for those
lesions that received 54 to 60 Gy versus 59% and 8.1% for
lesions that received 36 to 53.9 Gy and less than 36 Gy,
respectively (p <0.01). Tekeda et al. [40] used 35-40 Gy
in 5 fractions based on baseline liver function and liver



Yamashita et al. Radiation Oncology 2014, 9:112
http://www.ro-journal.com/content/9/1/112

volume receiving 220 Gy of SBRT for untreated solitary
HCC patients.

By multivariate analysis, the maximum tumor diam-
eter >30 mm vs. £ 30 mm was only one prognostic
factor for LCR. According to Rusthoven et 4l. [17], ac-
tuarial in-field local control rates at one & two years
after SBRT of 60 Gy in 3 fractions for the treatment of
47 patients with one to three hepatic metastases (63
lesions) were 95% & 92% and 2-year local control was
100% among lesions with maximal diameter of 3 cm
or less.

However, this study has some limitations in that it is a
retrospective and multi-institutional series with a rela-
tively short follow-up period. The group is very heteroge-
neous including primary and metastatic liver tumors. That
is why the irradiated dose and the follow-up method are
inconsistent, too. The reason why there was no difference
by the stratification of irradiated dose may be that in
this study the problem of algorithm or prescription
point can be integrated. We are planning to start a
multi-institutional prospective large-scale clinical trial
that standardized these factors.

Conclusions

There was no difference in LCR between liver metastasis
vs. HCC and the higher vs. lower BED;, against SBRT for
liver cancer except for the bigger vs. smaller tumor diam-
eter. SBRT is a safe treatment and may be an alternative
option for patients with liver tumor unfit for resection or
RFA. Further prospective studies are warranted to validate
the effect of SBRT for liver tumor.
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Present Status and Prospect of Radiotherapy using Linear Accelerator -Outstanding Problems : Onishi H*! (*1De-
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The technological advancement of linear accelerator (Linac) is remarkable and it has enabled beams convergence
only to tumor area. Japanese radiation therapy-related structure is expected to have a long development in future ow-
ing to a super aging society and the international standardization of the cancer treatment. Though the proper number
of radiation oncologists is relatively small compared to the number of linac machines, the latter has been increasing
now.There must be sufficient number of experienced staffs for operation of high precision radiotherapy and its safe and
efficient management needs a centralization rather increase of institutions. A proper cost-effectiveness analysis and

well-balanced arrangement for the ratio of staff to equipment have been more important
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Tumor induction in mice after local irradiation with single doses
of either carbon-ion beams or gamma rays

Koichi Ando’, Sachiko Koike?, Yasushi Ohmachi3, Yutaka Ando? & Gen Kobashi?

THeavy lon Medical Center, Gunma University, Maebashi-shi, ?Research Center for Charged Particle Therapy, National Institute
of Radiological Sciences, Chiba-shi, *Research Center for Radiation Emergency Medicine, National Institute of Radiological

Sciences, Chiba-shi, and *Department of Planning and Management, National Institute of Radiological Sciences,
Chiba-shi, Japan

Abstract irradiation may induce more secondary malignancies than

Purpose: To determine the dose-dependent relative biological I,OW'LET Erradiatio? at 10“.’ doses (Turner fmd FrAy 1994,
effectiveness (RBE) for tumor prevalence in mice receiving single SCOj[t 1997). Assgssmg the risk of secogd m_ahgnanmes af‘ter
localized doses to their right leg of either carbon ions (15, 45 or radiotherapy Wlth protons and heavy fons s also becoming
75 keV/ium) or 137Cs gamma rays. a concern (Suit et al. 2007, Newhauser and Durante 2011).
Methods and materials: A total of 1647 female C3H mice were The concern over carbon-ion radiotherapy arises from short
irradiated to their hind legs with a localized dose of either ~ (CHOW-UP periods relative to the time required for the full
reference gamma rays or 15, 45 or 75 keV/jum carbon-ion beams, clevglopmep( of lz}te normal tissue injury, including secon.d
Irradiated mice were evaluated for tumors twice a month during malignancies (Sm? et al. 2010). In the case of thEIrapeL?UC
their three-year life span, and the dimensions of any tumors beau}s of carbon lons., Braggfeaks are spread out, which
found were measured with a caliper. The tumor induction Provxd‘e a range of Yarlcus LE l‘ val‘ues alox}g the b(iam path
frequency was calculated by Kaplan-Meier analysis. in which normal uss'ues receive intermediate LfE[‘ aF the
Results: The incidence of tumors from 50 Gy of 45 keV/Lum carbon ex}trance hplateau, while deep-seated 'tum(.Jrs are lrr?.dxated
ions was marginally higher than those from 50 Gy of gammarays. Wfth a h_lgh'LET Bragg peak. The bl?logxcal effectiveness
However, 60 Gy of 15 keV/ium carbon ions induced significantly of radiation depends on the LET, which would also apply

fewer tumors than did gamma rays. RBE values of 0.87 £0.12,  © the car(‘:inogAenes%s endpoix}t. We previously reported an
1.29£0.08 or 2.06x0.39 for lifetime tumorigenesis were RBE (relatLVfa blologlc'al eftectlven?ss) va!ue of2.2 .based on
calculated for 15, 45 or 75 keV/um carbon-ion beams, respec- 2 'efospective analy‘sm ff)r tu}n(?r induction after single .and
tively. Fibrosarcoma predominated, with no Linear Energy . octionated carbon-ion iradiation (Ando‘et al. 2005). Since
Transfer (LET)-dependent differences in the tumor histology. the analysis is made on data not clearly discriminating LET,

Experiments measuring the late effect of leg skin shrinkage sug- becz}use of ﬂ}i limited number ‘Ot Sa"‘Ple?' 1tis necessary o
gested that the carcinogenic damage of 15 keV/um carbon ions clarify the LET-dependent carcinogenic risk of carbon ions.
would be less than that of gamma rays We here report on results from newly conducted experi-

B . - . { rbon-i s, and unexpectedly explai
Conclusions: We conclude that patients receiving radiation doses rlnems h?r ca 9“ }0{1 l:;(_aams, nd‘ ; L)ézl‘ ¢ fedl)b \:p.lam thqt
. . . h genic risk
to their normal tissues would face less risk of secondary tumor the carcinogenic risk of intermediate otcarbon lons was

induction by carbon ions of intermediate LET values compared lower than that of gamma rays.

to equivalent doses of photons.

Keywords: High Linear Energy Transfer (LET), radiation-induced Materials and methods

tumors, relative biological effectiveness (RBE) Mice and irradiation
C3H/HeMsNrsf female mice aged 12-18 weeks old were
Introduction used for this study. The mice were produced and maintained

in specific pathogen-free (SPF) facilities at the National Insti-
Carbon-ion radiotherapy started in 1994 in Chiba, japan, tute of Radiological Sciences. Two types of the experiments
and since then more than 9,000 patients have been treated were included here: One was to observe tumor induction
worldwide (Particle Therapy Co-operative Group 2012). In after radiation, and the other was to investigate late skin
spite of its prominent effectiveness in local tumor control,  shrinkage. A total of 1797 mice were used in these experi-
doubts remain regarding the potential risk that high-LET  ments: 1647 mice for the tumor induction and 150 mice for

Correspondence: Prof. Koichi Ando, D.D.S., Ph.D., D.M.Sc. Heavy lon Medical Center, Gunma University, Showa-machi 3-38-22, Maebashi-shi, Gunma,
Japan 371-8511. Tel: + 81 27 220 8378. Fax: -+ 81 27 220 8114, E-mail; kando3@air.email.ne.jp
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the skin shrinkage. Five mice were used for all treated and
control groups. No data previously reported (Ando et al.
2005) are included here.

Carbon-12 ions were accelerated by the HIMAC synchro-
tron up to 290 MeV/u (Kanai et al. 1999). Exposures were
conducted using horizontal carbon beams with a dose rate
of approximately 3 Gy/min. The LET of 290 MeV/u carbon
ionswas 14 keV/pm at the entrance of a 6-cm SOBP (Spread-
Out-Bragg-Peak). The depth position along the irradiation
path was adjusted by a Lucite range shifter so that the LET of
interest at the surface skin could be selected to use. The irra-
diation field was defined by using two collimators in series,
one made of iron and the other of brass. The reference beam
consisted of '%7Cs gamma rays with a dose rate of 1.8 Gy/min
at an FSD of 21 cm. With pentobarbital anesthesia (50 mg/
kg) and taping, five mice were immobilized on a Lucite plate
to place right hind legs in a rectangular field having dimen-
sions of 28 X 100 mm, and received single radiation doses.
A doughnut-shaped radiation field with a 30-mm rim was
prepared by 5-CM thick lead, and was used to collimate the
vertical beamn of gamma rays. The length of legs irradiated
with carbon ions was therefore 2 mm shorter than that with
gamma rays (30 mm minus 28 mm). The foot was excluded
from the irradiation fields of any radiation qualities. Mice
were immobilized on a 5-mm thick Lucite plate, and the
right hind legs were placed in a 30-mm radiation field.
Electron equilibrium was reached as the gamma rays pass
through Lucite plate before reaching the legs of the mice.
The dose ranges used were as follows: 10-80 Gy for gamma
rays, 5-70 Gy for 15 keV/um carbon ions, and 5-60 Gy for 45
and 75 keVum carbon ions.

Data acquisition and analysis

The irradiated legs of mice were screened twice a month
during their three-vear life span, and the dimensions of any
tumors found were measured with a caliper. One screener,
S.K., measured all tumors that appeared in irradiated legs.
Of all animals that developed a leg tumor, each had only
one tumor. When a mass appeared in an irradiated leg that
grew to reach 10 mm or larger in diameter, the mouse was
euthanized and the mass was surgically removed for histo-
logical examination. Only tumors that appeared inside, or
on the edge of the irradiation field, were scored. Eight mice
died before sampling and one mouse of which a record was
missing were excluded from the analysis. Eighteen tumors
that appeared outside of irradiated legs were excluded from
the analysis, but tumors growing at the edge of the irradiated

area were included. Six tumors diagnosed with mammary
carcinoma were excluded from analysis, since the legs did not
contain mammary glands. The log-rank test with the Bonfer-
roni correction was used to statistically analyze any difference
of tumor induction between gamma rays and carbon ions.

Skin shrinkage

Cell kill damage in normal tissue caused by radiation was
quantified by measuring skin shrinkage after radiation. Hairs
on the mouse right hind leg were removed by applying a
depilatory agent, and two tattoo spots separated by approxi-
mately 18 mm distance were made into the outer leg skin by
using a commercially available tattoo machine and Indian
ink 3-7 days before irradiation. Calipers were used to mea-
sure the distance between the two tattoo spots once a month
until the end of the study. The ratio of the pre-irradiation dis-
tance to post-irradiation was calculated for individual mice,
and the mean and standard deviations were obtained from
thus-obtained ratios (Masuda et al. 1980).

Results

Time of tumor appearance

Each radiation group consisted of a similar number of mice;
i.e, 442, 410, 374 or 421 for gamma rays, 15, 45 or 75 keV/um
carbon ions, respectively. The number of tumors induced by
gamima rays, 15, 45 or 75 keV/um carbon ions was 152, 78, 89
or 122, respectively (Table I). Of the total 441 induced tumors,
the earliest tumor appearing after gamma-ray irradiation
was observed at Day 175, while the latest tumor was detected
at Day 956 (Figure 1a). For carbon-ion irradiation, the earli-
est tumor that appeared was at Day 243 (75 keV/ium), while
the latest one was at Day 848 (45 keV/jum). The cumulative
frequency of induced tumors increased with the observation
period of time for any radiation qualities. We did not find
any difference between carbon ions and gamma rays in the
latency of tumor induction after irradiation. However, the
dependency on the radiation quality was observed for the
rate of tumor induction, so that tumors induced by gamma
rays increased more rapidly than those by carbon ions.
Whether the size of the radiation dose would affect the inci-
dence was studied by grouping data by the dose (Figure 1b).
The rate of tumor induction clearly depended on the dose for
all radiation qualities. This was most prominently shown for
gamimna rays, so that 10 Gy induced the initial tumor at Day
628, 30 Gy at 428 and 60 Gy at Day 175. Also noted was that
the rate of tumor induction increased with an increase of the

Table [. Number (%) and types of tumors induced by irradiation with gamma rays and carbon ions.

Osteo Fibro

Hemangio Undifferentiated Squamous cell benign Total number
sarcoma sarcoma MFH sarcoma sarcoma carcinoma Others tumor of tumors

Gamma rays 9(6) 127{84) 10(7) 1(1) 1(1) 3(2) 2(1)* 0(0) 152
Carbon ions 9(12) 61 (78) 5(8) 0(0) 0(0) 2(3) 1{1)* 0(0) 78
15 keV/um

Carbon ions 9(11) 68(76) 6(8) . 1(1) 0(0) 1(1) 3(3)* 1{1)*e 89
45 kevV/um

Carbon ions 12 (10) 97 (80) 8(7) 0(0) 0(0) 3(2) 2(2)%  0{0) 122

75 keV/um

MFH, malignant fibrous histiocytoma; **.chondrosarcoma, mixed tumor; " malignam shwannoma; *<, 2 myxosarcomas, hemangiopericytoma; *¢, myxosarcomas;

*¢, osteoma, mixed tumor.
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Figure 1. Cumulative number of tumors in locally irradiated mice legs. (a) Each symbol corresponds to tunors induced by single doses of gamma
rays{Q), carbonions of 15( ), 45 (<), or 75 keV/um (A), respectively. All doses used in each radiation quality are included. (b) Curnulative number
of induced tumors after different radiation doses. Mice received gamma rays (upper left), 15 keV/jum carbon ions (upper right), 45 keV/um carbon
ions (lower left), or 75 keV/ium carbon ions (lower right), respectively. ‘This Figure is reproduced in color in the online version of International

Journal of Radiation Biology.

dose up to 60 Gy, beyond which the increase of the tumor
induction was less prominent or plateaued. This means that
the rate of tumor appearance has a dose-limitation. A similar
limitation was also observed for 45 and 75 keV/um carbon
ions. An exception to the limitation was for 15 keV/um car-
bon ions, which showed a fall in the cumulative incidence
after 50 Gy or larger doses.

Attrition of mice

The number of mice decreased after irradiation (Figure 2).
The decrease, due to either induction of tumor or death
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Figure 2. Number of survived mice after irradiation. Atutrition of mice
was due to either tumor development or death without tumor. Symbols
are same as those in Figure 1(a). This Figure is reproduced in color in
the online version of International Journal of Radiation Biology.

without tumor development, was slow until 365 days
after irradiation, and became prominent at 400 days or
later when a significant increase of tumor induction was
observed. Mice surviving irradiation decreased to 25%
by Day 700. The final death was observed for a mouse
that survived 1106 days after receiving 60 Gy of 75 keV/um
carbon ions. ‘

Dose versus tumor-incidence relation

The relation between the dose and tumor incidence was
calculated for each radiation quality. We here employed the
Kaplan-Meier estimator to calculate the incidence of tumor
induction (Goel et al. 2010). We selected Day 700 as the
time to calculate the incidence, because most tumors (75%)
had developed already. For this calculation, days of death
after irradiation for all mice were sorted to two categories:
(1) Mice developed tumors, and therefore regarded to have
died with a tumor, or (2) mice died without any tumor
developmenl. The sum of those categories gave the time
of survival among mice that received irradiation. When
the time of survival was multiplied by a given observation
period, i.e., 700 days in our case, the incidence of tumors
was calculated by the following formula: Number of mice
died with tumor divided by the multiplied time of survival.
It should be noted that all tumors, i.e., not only tumors that
appeared before Day 700, but also those that appeared later,
are included in this calculation.

Figure 3 shows the relation between the dose and the
risk for carbon ions and for gamma rays. A curve fitting
was made by a polynomial of cubic equation. The carcino-
genic risk increased with the dose for all radiation qualities.
The dose-dependent increase of risk was most prominent
for 75 keV/um carbon ions up to 35 Gy, beyond which
the increase slowed down and became saturated. This
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Figure 3. Dose-tumor induction relation. Tumor induction is obtained
by the following equation: number of tumors / (days of tumor appeared
+ days of death without tumor) X 700. Symbols are same as those in
Figure 1{a). 1his Figure is reproduced in color in the online version of
ternational journal of Radiation Biology.

saturation was also observed for other radiation qualities,
even though the level of saturation was different between
radiation qualitics. We compared the tumor induction
between the gamma rays and carbon jons atlarge doses that
brought about the saturation. Because a multiple compari-
son between all radiation qualities was used here, a p value
of0.0167 instead 0f0.01 was used forthelevel of significance.
A p value of 0.039 was obtained between gamma rays and
45 keV/um carbon ions at 50 Gy, indicating that the inci-
dence of tumor induction by carbon ions was slightly higher
than that by gamma rays. On the other hand, tumor induc-
tion by 15 keV/wm carbon ions was significantly (< 0.016)
lower than that of gamma rays at 60 Gy.

‘We calculated the relative biological effectiveness (RBE)
of carbon ions by employing isoceffect levels of 10, 15 and
20% carcinogenic risks. These values are on the ascending
portion of dose-response curves. The RBE values {mean
and standard deviation) thus calculated were 0.87 = 0.12,
1.29 = 0.08 or 2.06 = 0.39 for 15, 45 or 75 keV/um carbon
ions, respectively.

Skin shrinkage after irradiation

We also investigated any skin shrinkage caused by the four
radiation qualities. LET used in this experiment were 14, 50
and 80 keV/um, and similar to those used for above-stated
tumor induction. The isoeffect dose for 25% skin shrinkage
at Day 35 was the largest for gamma rays, followed by 14, 50
and 80 keV/um carbon ions in turn {Figure 4), and decreased
when measurements were delayed. Gamma rays showed a
significantly larger isoeffect dose among all radiation quali-
ties irrespective of the time after irradiation. This means that
carbon ions with any LET caused skin damage more effi-
ciently than did gamma rays. It was noted that the difference
of isoeffect dose initially observed between the three LET of
carbon ions was lost at Day 320 when carcinogenesis already
started in some mice.
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Figure -1 Isoeffect doses to cause 25% skin shrinkage in irradiated
mice legs. Symbols and error bars are mean and standard deviation
calculated from 20-40 mice that depends on time after irradiation.
Symbols are: Gamma rays (O), 14, ( ), 50 (<), or 80 keV/um (A) carbon
ions, respectively. LET used here are slightly but not significantly
differentfrom those used in aforementioned carcinogenic experiments.
‘This Figure is reproduced in color in the online version of International
Jowrnal of Radiation Biology.

Histology

For histological analysis, 441 tumors that appeared after
irradiation were used (Table 1). Of 290 carbon-ion induced
tumors histologically examined, 289 tumors were malig-
nant, while one benign tumor was osteoma. Sarcomas, such
as fibrosarcoma (226 tumors; 78%), were most frequently
observed followed by osteosarcoma (10%) and malignant
fibrous histiocytoma (MFH) (7%). Other sarcomas observed
were malignant shwannoma, myxosarcoma, hemangioperi-
cytoma, myxosarcoma and mixed tumor. Few squamous cell
carcinomas were also observed. Fibrosarcoma was also the
tumor most frequently observed after gamma-ray irradiation
(127 out of 152 tumors; 84%), followed by malignant fibrous
histiocytoma (7%) and osteosarcoma (6%). One tumor
induced by 50 Gy gamma rays was a mixed type consisting of
fibrosarcoma and squamous cell carcinoma. No histological
differences were noted between tumors induced by radia-
tions of different quality.

Discussion

We found here an unexpected result that carbon ions with an
intermediate LET of 14 keV/um induced fewer numbers of
tumors than gamma rays, while carbon ions with higher LET
values induced greater number of tumors than did gamma
rays at given doses. Radiation carcinogenesis is conceptually
explained so that the incidence of radiation-induced malig-
nancies in mice follows a bell-shape because of a balance
between the incidence of transformed cells and cell killing
(Chadwick and Leenhouts 1981, Hall and Giaccia 2006). This
balance was experimentally shown for myeloid leukemia
induction in mice after whole-body irradiation with X-rays
and fission neutrons as well (Covelli et al. 1991). Watanabe
reported on invitro transformation experiments using golden
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hamster embryo cells and shows a dose-dependent increase
in transformants per surviving cells up to 150 R, bevond
which the increase became less prominent (Watanabe et al.
1984). Tumor inductions in the present study showed a
dose dependence similar to Watanabe's report and were not
apparently bell-shaped, which agrees with clinical observa-
tions for patients receiving breast irradiation of up to 42 Gy
for Hodgkin's disease (Hall and Giaccia 2006).

‘Ihe RBE of high-LET radiation is commonly larger
than unity for cell kill. This agrees with the present study,
that carbon ions of any LET induced skin shrinkage more
efficienty than did gamma rays at given doses (Figure 4).
Because target cells for carcinogenesis in the present study
could not be identified, we instead measured the leg skin
shrinkage to quantify and compare the cell kill efficiencies
between different radiation qualities. We previously reported
that an administration of radioprotector WR-151327 prior
to radiation reduced the skin shrinkage caused by gamma-
ray irradiation (Matsushita et al. 1994). As protection of
radiation lethality is the basic mechanisms underlying the
radioprotection of phosphorothioates, including WR-151327
(Weiss 1997), any skin shrinkage would represent initial cell
kill caused by irradiation in the present study. A question is
why tumor induction after 15 keV/um carbon ions was lower
than that after gamma-ray irradiation. If target cells in charge
of tumor development were more sensitive to carbon ions
for cell kill than gamma rays, the dose-dependent increase
of carcinogenesis for carbon ions would be less than that for
gamma rays. This was actually the case for 15 keV/pm car-
bon ions in the present study (Figure 3). On the other hand,
the carcinogenic risk of 45 and 75 keV/um carbon ions was
higher than that of gamma rays after 40 Gy, or below (Figure
3), even though these carbon ions killed cells more elficiently
than did gamma rays (Figure 4). This suggests that the carci-
nogenic potential of cells surviving these high-LET radiations
would be higher than that surviving gamma-ray irradiation,
while the carcinogenic potential of cells surviving 15 keV/um
carbon ions would be lower than that surviving gamma-ray
irradiation. In other words, the dependence of damage on
LET would be different between cell kill and carcinogenesis.

The RBE values of various heavy ions for the induction
of hardrian gland tunors were reported by Fry et al. (1985),
and range from a value of 4 for helium-4 (228 MeV/amu)
to 27 for either argon-40 (570 MeV/amu, 650 keV/um) or
iron-56 (600 MeV/amu, 180 keV/um). Alpen et al. (1993)
also reports that the RBE of helium-4 (1.6 keV/um) for the
induction of hardrian gland tumors is 2.3, and that of iron
ions is 20.3 (253 keV/uum) and 39.6 (and 193 keV/um). The
dose range used to calculate these values are either below
5 Gy (Watanabe et al. 1984) or 3 Gy (Fry et al. 1985), andrare
much lower than that used in the present study. Recently,
RBE values for acute myeloid leukemia and hepatocellular
carcinoma in mice after whole body irradiation with iron-56
ions {1 GeV/amu, 150 keV/jum) have been reported by Weil
et al. (2009). The initial slope of the dose-tumor incidence
relation was used 1o calculate the RBE values of iron-56, a
method also used by Fry etal. (1985) and Alpen et al. (1993).
At a dose range below 1 Gy for iron ions and below 3 Gy for
reference gamma rays, an RBE smaller than unity (0.475) was
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obtained for acute myeloid leukemia, while a large RBE of
50.9 was for hepatocellular carcinoma.

Invitro cell ransformation after high-LET irradiation has
also been investigated for various particles. Yang and Tobias
report thatan RBE of ~ 4 has been obtained for argon-40 (330
MeV/amu, 145 keV/pm) to ransform C3H 10 T1/2 cells while
an RBE of ~ | is given for lower LET of carbon ions (474 MeV/
amu, 10 keV/um) at | Gy (Yang et al. 1985). Transforma-
tons of Syrian hamster embryo cells have been reported
afier irradiation with either carbon-12 or silicon-28 beams
obtained by the same HIMAC accelerator as the one that we
used here (Man et al. 1998). The transformation frequency
in this very sensitive assay increases linearly up to 10 c¢Gy
for all LET ranging from 2.5 keV/mm {reference X-rays) and
400 keV/um (silicon ions). The RBE values of carbon ions for
transformation were found to be between 2.2 and 6.9 for LET
ranging between 13 and 100 keV/pum. Using a human hybrid
cell line, Bettega et al. (2009) report that the RBE values for
13.8, 29.5 or 172 keV/um carbon ions 10 transform survived
cells at doses below 4 Gy are 1.0, 2.5 or 12.0, respectively.
‘They claim that the RBE values evaluated at low doses/
high survival levels are larger than those at high doses/low
survival levels. This claim is in line with the present in vivo
study, so that RBE values of 2.17 for 75 keV/pum carbon ions
are smaller than RBE values reported for others in vivo tumor
induction experiments stated above (Fry et al. 1985, Alpen
et al. 1993), even though the endpoints employed are totally
different between ours and theirs.

The maximum frequency of tumor induction after gamma
rays was higher than that after carbon ion (Figure 3). No
reports referring to this kind of LET dependency could be
found. In vitro transformation experiments, however, show
that the maximum transformation frequency after 29.5 or
172 keV/um carbon ions is 1.6~3-times higher than that
after 15 MeV photons (Han et al. 1998). A review indicates
that 15 keV/uum proton beams produced a ~ 1.5-times higher
maximum wansformation frequency to C3H 10T1/2 cells
(Bettega 2004). A sensitive Syrian hamster embryo system
also shows that the higher the LET value, the higher is the
maximum wansformation frequency when cells are irra-
diated with 2.5 keV/um X-rays and carbon ions of up to
100 keV/uin (Han et al. 1998). These in vitro transformation
experiments do not, therefore, agree with our present in vivo
study. A possible explanation for the disagreement is any dif-
ference in the size of penumbra to mice between gamma rays
and carbon ions. 1f the penumbra become larger, the number
of target cells irradiated would increase. This possibility does
not, however, explain why the maximum frequency after
15 keV/um carbon ions was lower than that after higher LET
of 45 or 75 keV/wm carbon ions, because an identical colli-
mator was used for all carbon-ion irradiation.

The histological features of tumors in the present study
are somehow different from those in our previous report that
included data of fractionated irradiation (Ando et al. 2005).
‘The most frequent tumors in the present study were fibro-
sarcoma, while those in the previous study were malignant
fibrous histiocytoma, although the two studies commonly
show that nearly 90% of the tumors were sarcoma. The rea-
sons underlying the difference between the two studies are
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