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Among various types of ion species, carbon ions are considered to have the most balanced,
optimal properties in terms of possessing physically and biologically effective dose localiza-
tion in the body. This is due to the fact that when compared with photon beams, carbon ion
beams offer improved dose distribution, leading to the concentration of the sufficient dose
within a target volume while minimizing the dose in the surrounding normal tissues. In
addition, carbon ions, being heavier than protons, provide a higher biological effectiveness,
which increases with depth, reaching the maximum at the end of the beam’s range. This is
practically an ideal property from the standpoint of cancer radiotherapy. Clinical studies have
been carried out in the world to confirm the efficacy of carbon ions against a variety of tumors
as well as to develop effective techniques for delivering an efficient dose to the tumor.
Through clinical experiences of carbon ion radiotherapy at the National Institute of
Radiological Sciences and Gesellschaft fiir Schwerionenforschung, a significant reduction in
the overall treatment time with acceptable toxicities has been obtained in almost all types of
tumors. This means that carbon ion radiotherapy has meanwhile achieved for itself a solid
place in general practice. This review describes clinical results of carbon ion radiotherapy to-
gether with physical, biological and technological aspects of carbon ions.
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INTRODUCTION

The primary principle of radiotherapy (RT) lies on precise
localization of sufficient dose in the target lesion while min-
imizing the damage to the surrounding normal tissues. The
success of the treatment therefore largely depends on the
performance and capacity of the accelerator, treatment plan-
ning system and other related devices, as well as the quality
of the radiation beams employed. This was proved by the
fact that when the energy of photons (X-rays and gamma
rays) reached the order of megavoltage in the 1950s, which
marked the beginning of a modern RT, a significant im-
provement in local control (LC) had been obtained. The
question is then raised whether improved LC could be asso-
ciated with improved survival, despite the fact that many

patients eventually succumb to distant metastases. There has
been ample evidence that in a large number of malignancies,
the local recurrence or relapse is correlated with distant me-
tastasis and the impact of improved LC on survival is
mediated via a reduction in deaths caused by local progres-
sion and a reduction in distant metastasis (1).

In this context, ion beams such as protons and carbon
ions, when compared with photons, provide beneficial dose
distribution and, in the case of carbon ions being heavier
than protons, a larger relative biological effectiveness
(RBE), leading to a higher probability of tumor control with
the lesser volume of the surrounding normal tissues irra-
diated and reduction in the frequency and severity of radi-
ation morbidity.
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CHARACTERISTICS OF CARBON IONS
PHysicAL ASPECTS

When compared with photons and fast neutrons, which are
characterized by an exponential absorption of dose with
depth, ion beams demonstrate an increase in energy depos-
ition with penetration depth up to the sharp maximum at the
end of their range, known as a Bragg peak. The peak is typ-
ically narrow, a few millimeters at the 80% level, and the
dose at the peak is several times greater than the dose in the
plateau. The particle range is determined by the energy of
the incoming particles.

The quality of dose distribution is affected by the energy
spread and range straggling, whose magnitude is smaller
for carbon ions than protons, as well as by the degree of
lateral sharpness (penumbra) that is dependent upon the
Coulomb scattering and becomes smaller with increasing
the mass of particles (2). Therefore, when comparing dose
distributions between carbon ion beams and proton beams,
the lateral fall-off around the target volume is more rapid in
carbon ion beams than proton beams. In the region beyond
the distal end of the peak, however, almost no dose is
deposited in protons but a small dose in carbon ions
because the primary carbon ions undergo nuclear interac-
tions and fragment into particles with lower atomic
number, producing a fragmentation tail beyond the peak.
The biological effect of this fragmentation tail is small
because the tail contains only fragments with low atomic
number.

Since the original peak is too narrow and sharp to be
used directly for the treatment of lesions with different
shapes and sizes, broadening of the narrow peak is ne-
cessary to conform to the size and shape of the lesions.
This has been achieved in two ways: a beam-scattering
method with a passive beam delivery system (2,3) and a
beam-scanning method with an active beam delivery
system (4,5). In a beam-scattering method, the narrow
peaks are swept over an extended region by a ridge
filter to create the spread-out Bragg peak (SOBP)
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Figure 1. Dose distributions of ion beams. The ionization density increases
with depth and the relative biological effectiveness (RBE) increases as they
travel deeper in the body. The ratio of the RBE for the peak to plateau of
carbon ions becomes larger than that of proton beams.
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corresponding to the size of the target volume (Fig. 1).
The shape of the ridge filter is designed to apply a gra-
dient to the physical dose in order to achieve a uniform
cell killing or isoeffect over the SOBP. For placing the
SOBP precisely to the target, a combination of a range
modulator, collimator and compensator is used in this
method. In a beam-scanning method, on the other hand,
the peak position is dynamically moved within the
target by changing the beam energy in the accelerator
or changing the beam penetration using absorbers, by
which the sufficient dose can be precisely conformed to
the target volume.

RADIOBIOLOGICAL ASPECTS

The rate at which particle beams lose energy when penetrat-
ing into the tissue increases with the mass of the particles
and is known as linear energy transfer (LET). Photons, elec-
trons and protons are sparsely ionizing radiations and re-
ferred to as low-LET radiations, while fast neutrons and
carbon ions are densely ionizing high-LET radiations. The
LET has been used to evaluate the biological effects of
radiations based on the fact that as the LET increases, the
RBE also increases (6,7). Here, the RBE is defined as the
ratio of two doses of different radiations given under identi-
cal conditions including dose fractionation and the tissue
irradiated. In contrast to neutron beams whose LET remains
uniformly high at any depth, the LET of carbon ion beams
increases steadily with increasing the depth to reach the
maximum in the peak region. This property is extremely ad-
vantageous from the therapeutic point of view, as the RBE
of carbon ion beams also increases as they advance deeper
to the tumor-lying region (Fig. 1).

Tepper et al. (8) and Goldstein et al. (9) investigated RBE
values for single and fractionated doses for jejunal crypt cell
survival after irradiation with various ions at different posi-
tions of the SOBP. They observed an increasing effective-
ness of ions with increasing ion charge (and mass). As the
ion mass increased, the increase in the RBE was first
observed in the peak region and then extended to the plateau
region. When different ion species were compared, carbon
ions were characterized by the highest peak-to-plateau RBE
ratio, which was also confirmed in early skin reactions of the
mouse after carbon ion irradiation (10,11). Carbon ion
beams are therefore considered to have the ‘best balance’ in
terms of both the physical dose distribution and biological
effect. This opens up a promising potential for the highly ef-
fective use of carbon ions in such tumors that are deeply
located and resistant to photon beams.

The tumors with low radioresponsiveness against low-LET
radiations are assumed to have a high proportion of hypoxic
cells, poor reoxygenation pattern and high intrinsic repair cap-
acity. It is also assumed that such tumors could benefit from
high-LET radiations because the reduction in the oxygen en-
hancement ratio (OER) is achieved with increasing LET, to-
gether with the reduction in differences in radiosensitivity
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related to the position of the cells in the cell cycle, providing
the rationale of introducing high-LET carbon ions in cancer
therapy. Local values for the RBE can be as high as 2.0—3.5
for carbon ions and depend on many factors, which have to
be addressed during the treatment planning.

CLINICAL ADVANTAGES OF CARBON IONS

IMPROVED THERAPEUTIC GAIN

Although the RBE of high-LET carbon ions is greater than
that of low-LET protons or photons, the clinical interest lies
in the existence of differential effects between the tumor and
normal tissue that favor the normal tissue. In this regard,
radiobiological advantages expected from the use of carbon
ions are: the repair of radiation damage is less, repopulation
of the tissue is suppressed, OER is reduced and cell cycle
dependency of radiosensitivity is reduced. These characteris-
tics become the maximum at the peak region and, combined
with improved physical dose localization, may play a major
role in improving the therapeutic ratio of carbon ion beams
when compared with proton and photon beams.

Batterman et al. (12) investigated the relationship between
the RBE values and the volume-doubling time in lung me-
tastases after fast neutron irradiation. They found that the
RBE of fast neutron beams was larger with greater volume-
doubling time and that neutron beams had a higher RBE
value than photon beams for slow-growing tumors such as
salivary gland tumor, prostate cancer and bone/soft tissue
sarcomas. In the case of salivary gland tumors, the RBE for
fractionated RT was found to be ~8.0 compared with the
values in the range of 3.0—3.5 expected for late damage in
most normal tissues. Laramore et al. (13) summarized those
tumor types and clinical situations in which fast neutron
therapy offered an advantage. These findings could also be
applied to carbon ion beams whose RBE is similarly high as
that of fast neutron beams, and thereby, carbon ion RT could
be effective against locally advanced, photon-resistant
tumors as well as those located near critical structures.

HYPOFRACTIONATED RADIOTHERAPY

Because of its unique physical and biological properties, it is
theoretically possible in carbon ion RT to perform hypofrac-
tionated RT with significantly smaller number of fractions
than has been used in standard photon RT. Experiments with
fast neutron beams have demonstrated that increasing the
dose per fraction tended to lower the RBE for both tumor
and normal tissues, but the RBE for the tumor did not de-
crease as rapidly as the RBE for normal tissues (14). These
experiments led to the assumption that the therapeutic ratio
would increase rather than decrease, even though the fraction
dose was increased. Similar results have been obtained in
experiments conducted with carbon ions (11,15), providing
the biological rationale for the validity of the short-course,
hypofractionated regimen in carbon ion RT.

Progress in dose escalation has been made at the National
Institute of Radiological Sciences (NIRS) in Japan on a
scale that permits the RT for Stage I lung cancer and liver
cancer to be completed in one and two fractions, respective-
ly. Even for other tumors such as head and neck cancer,
prostate cancer and bone/soft tissue sarcomas that generally
require a relatively prolonged irradiation time, it has been
possible to accomplish the definitive treatment in16 fractions
over 4 weeks in carbon ion RT. Currently, the average
number of fractions and the treatment time per patient is 13
fractions in ~3 weeks without enhancing toxicity (16—18).

POTENTIAL SUPPRESSION OF METASTASES

Ogata et al. (19) reported that carbon ion irradiation induced
DNA damage, which possibly suppressed the metastatic cap-
abilities of tumor cells, leading to suppression of pulmonary
metastases in vivo. They postulated that the suppression of
metastases might have been caused by carbon ion irradiation
producing a higher proportion of double-strand DNA breaks
than does X-ray irradiation. Their findings have been also
confirmed by Tamaki et al. (20) and Akino et al. (21). This
may be an advantage of carbon ion RT, although further
studies are warranted to confirm these findings. Secondary
cancer induction after neutron and carbon ion RT, however,
is of particular concern since valid clinical data are not yet
available.

TREATMENT PLANNING

The first preparatory procedure to ensure the proper adminis-
tration of carbon ion RT is the fabrication of immobilization
devices for each particular patient. Computed tomography
(CT) scans for treatment planning are then taken with the
patient wearing these devices. For the determination of
target volume, fusion images using CT, magnetic resonance
imaging and positron emission tomography images have
been frequently employed (Fig. 2). For the treatment of
moving organs, the respiratory-gated irradiation devices have
also been applied at the time of CT scans (22). At present,
the respiration-synchronized irradiation is only feasible in a
passive method but is under development in an active scan-
ning method. The CT image data obtained in this manner
are then transferred to the treatment planning system. At this
stage, the irradiation parameters in terms of the number of ir-
radiation portals and their directions are determined in con-
junction with delineation of the target volume.

Treatment planning for carbon ion RT has been performed
by the beam-scattering method (broad beam) developed at
NIRS and the beam-scanning method developed at the
Gesellschaft fiir Schwerionenforschung (GSI). The NIRS ap-
proach is based on clinical experience with high-LET
neutron beams, in which the estimation of the clinically rele-
vant RBE values is implemented as a two-step procedure;
biological RBE is distinguished from the ‘clinical RBE’. For
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Figure 2. In treatment planning, fusion images using the computed tomography, magnetic resonance imaging and positron emission tomography are common-
ly used (left). Dose distributions of the different planes and facial surface (middle). The patient with adenoid cystic cancer before and after carbon ion radio-

therapy (right).

shaping the SOBP, the human salivary gland (HSG) tumor
cell line was selected as an in vitro model system because
the initial patients to receive carbon ion RT were those with
adenocarcinomas (3). The GSI approach for selection of the
RBE is based on the Local Effect Model, which allows the
calculation of the biological effectiveness essentially based
on two sets of input data, including physical characterization
for radiation fields and biological characterization for the re-
sponse of the cells or tissues, parameterized by a modified
linear-quadratic approach (23). The treatment planning for
the NIRS approach is performed by HIPLAN (24).

CARBON ION THERAPY FACILITIES

Historically, ion beam RT was begun using proton beams at
the Lawrence Berkeley National Laboratory (LBNL) in
1954. Since then, the efficacy of heavier charged nuclei such
as helium, carbon, nitrogen, neon, silicon and argon had
been assessed for clinical use at LBNL. The major pioneer-
ing work for heavy ions was done at LBNL between 1977
and 1992, in which most patients were treated with helium
and neon ions (25,26). In 1994, the clinical study on Carbon
ion RT was started in NIRS using carbon ions generated by
HIMAC, which was the world’s first accelerator complex
dedicated to cancer therapy. At present, there are more than
30 proton therapy facilities in operation, while carbon ion
RT is performed in 5 facilities worldwide. Following the
HIMAC/NIRS, the GSI in Darmstadt, Germany, started

carbon ion RT in 1997, which terminated clinical application
and was succeeded by Heidelberg lon-Beam Therapy Center
(HIT) in 2009. The HIT is the facility having both protons
and carbon ions for clinical use (27). The Hyogo Ion Beam
Medical Center (HIBMC) in Japan, established in 2001, is
the first facility dedicated to proton/carbon treatment. At the
Institute of Modern Physics (IMP) in Lanzhou, China, clinic-
al trials have been performed since 2006, where carbon ion
beams with energy up to 100 MeV/u have been supplied
only for the treatment of superficial tumors. Based on
technological research and development at NIRS, a down-
sized carbon-ion facility was realized as the Gunma
University Heavy Ion Medical Center (GHMC), Gunma
University in Japan, where a clinical study took place in
2010 (28).

In the Foundation CNAO, Italy, the accelerator complex
was completed for proton/carbon treatment, in which the
clinical study on proton therapy started in October 2011, and
carbon ion RT is due to start in about 1 year. Under the
license agreement between the GSI and the vendor company,
proton/carbon facilities modeled on HIT are under construc-
tion in Marburg and Kiel, Germany, as well as in Shanghai,
China. At present, however, there is uncertainty whether
these institutions will be really built as has been planned.
There are four more institutions with a carbon ion facility
under construction: two in Japan, one in Austria and one in
Lanzhow, China. Among them, the SAGA-HIMAT in Tosu,
Japan, is unique in terms of its construction being based on
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a public—private partnership. The other facility is Kanagawa
Cancer Center, Japan, in which both a passive and an active
beam delivery system will be installed.

CLINICAL RESULTS OF CARBON ION RT

By the end of 1988, a total of 239 patients received a
minimum neon physical dose of 10 Gy (median follow-up for
survivors 32 months) at LBNL. Compared with historical
results, the improved outcome was obtained for several
types of tumors including advanced or recurrent macroscopic
salivary gland carcinomas, paranasal sinus tumors, advanced
soft tissue sarcomas, macroscopic sarcomas of the bone,
locally advanced prostate carcinomas and biliary tract
carcinomas (25,26). However, the treatment results of
malignant gliomas, pancreatic, gastric, esophageal, lung and
advanced or recurrent head and neck cancer appeared no
better than those achieved with conventional X-ray therapy.
Unfortunately, clinical research at LBNL was terminated in
1992 as the result of budget constraints in addition to the
aging of the machine.

Stimulated by the promising results of ion beam therapy at
LBNL, carbon ion RT was started at NIRS in 1994, where
all patients have been treated within prospective Phase I/II or
Phase II studies. In dose-escalation Phase I/II studies, the
same rule of fixing both the total number of fractions and
overall treatment time has been employed, and the total dose
has been escalated in incremental steps of 5 or 10%. When
the recommended dose was thus established in the Phase I/11
study, it was then used in the following Phase II study. Since
1994, more than 6500 patients have been treated with carbon
ions, demonstrating the benefit of carbon ion RT over other
modalities in various types of tumors in terms of high LC
and survival rates. A significant reduction in the overall
treatment time with acceptable toxicities has been achieved
in most cases (16—18). At GSI, the first patient was treated
in 1997 using the beam line of GSI’s heavy-ion synchrotron
that had been primarily used for physics research. The

Table 1. Adenoid cystic carcinomas of the head and neck

clinical study at GSI was terminated in 2008; until then, over
450 patients were treated with carbon ions. The main indica-
tions were patients with chordomas and chondrosarcomas of
the skull base, locally advanced adenoid cystic carcinomas
(ACCs) as well as the chordoma and chondrosarcoma of the
sacrum and prostate cancer (27).

HeaDp AND NEcK TUMORS

Results of proton therapy for head and neck tumors are diffi-
cult to evaluate because it has been frequently used as a
boost therapy or combined with surgery with a variety of
pathological types reported as a whole (29,30). Carbon ion
RT has been found to offer radiobiological advantages in
histologically non-squamous cell tumors such as ACC,
adenocarcinoma, malignant melanoma and various sarcomas
in prospective dose-escalation trials (31—33).

ADENOID CYSTIC CARCINOMA

ACC is a rare form of adenocarcinoma, which is a broad
term describing any cancer arising from glandular tissues.
ACC is found mainly in the head and neck region and most
commonly occurs in the salivary glands. Regardless of
where it starts, ACC tends to spread along nerves (perineural
invasion) or through the bloodstream. The most common site
of metastasis is the lung. It spreads to the lymph nodes in
only ~5—10% of cases. The results of treatment for photon
RT or surgery ranged from 27 to 72% for the 5-year LC rate
and from 25 to 85% for the 5-year survival rate (34,35). In
Table 1, an experience of proton therapy on 23 patients is
reported, in which about half of the patients were treated
with surgical resection followed by proton irradiation (36).
There were three Grade 111 and one Grade IV late toxicities
(17% > Grade III late reactions). In contrast, there were no
patients with >Grade III toxicities for a total of 151 patients
with locally advanced ACC involving the oropharynx and
the paranasal sinus treated with carbon ion RT alone at
NIRS (32). The 5-year LC rate was 74% in spite of including

Institutions No. of patients ~ Treatment

S-year local control (%)  5-year overall survival (%)  Late >GIII injury

Towa, 2009 (34) 54 Surgery alone
10 Photon alone
Florida, 2004 (35) 101 Photon alone
MGH, 2006 (36) 23 Proton + surgery
Heidelberg, 2001 (37) 29 Neutron + surgery
GSI, 2005 (33) 34 Photon alone
29 Photon + carbon boost
NIRS, 2011 (32) 151 Carbon alone (all pats)
32 Carbon alone (T1-T3)

119 Carbon alone (T4 or recurrences)

72 85 —

27 25 —

56 57 12.9%
93 77 17%
75 59 19%
25 (4 years) 78 (4 years) <5%
78 (4 years) 76 (4 years)

74 72 None
96 92

71 69




78 cases (52%) of T4 and 40 cases (26%) with recurrent
tumors after surgery and/or chemotherapy. For 32 patients
who seemed to be locally operable, the 5-year LC rate was
improved to 96%. At GSI, patients with paranasal sinus
cancers were treated with combined stereotactic photon RT
to the clinical target volume, followed by a carbon ion boost
to the gross target volume (33). Locoregional control rates
for the combined photon and carbon ions were better than
those observed in historical series of patients treated with
photon intensity-modulated RT (IMRT) alone, although the
difference was not statistically significant.

MUucosAL MALIGNANT MELANOMA

Mucosal malignant melanoma of the head and neck
(MMHN) is a rare type of tumor. Radical local excision
used to be the treatment that provided a chance of cure, al-
though the prognosis was generally grave. Adding RT to
surgery in tumors that could be radically excised did not
confer any statistically significant advantage in reducing
local recurrence or improving survival (38—40). There has
been no reported data for proton therapy, possibly because
MMHN is considered to be resistant to proton beams. From
1997 to 2010, a total of 198 patients with MMHN were
treated with carbon ions with or without chemotherapy at
NIRS (32). In the initial study, 102 patients were treated
with carbon ion RT alone with 57.6 GyE in 16 fractions over
4 weeks (41). The 5-year survival rate was 35%, which was
similar to the most favorable results of surgery combined
with or without RT or chemotherapy. This study strongly
suggested the need of adding systemic therapy for the pre-
vention of distant metastasis. Therefore, in the subsequent
study for 96 patients, concomitant chemotherapy (DAV: Day
1: dacarbazine (DTIC) 120 mg/m? + nimustine 70 mg/m* +
vincristine 0.7 mg/m?; Days 2—5: DTIC 120 mg/m?) with a
4-week interval, a total of five courses, was administered for
the first course at the start of carbon ion RT, second course
at the completion of RT and three courses thereafter (32).
Although the LC rate remained almost the same, the 5-year
survival rate improved by 23% and became 58% (Table 2).
These results would be the best so far reported in the
literature.

Table 2. Mucosal malignant melanomas of the head and neck

Treatment Author Year No.of  5-year overall
patients  survival (%)
Surgery (+RT, Chang et al. (38) 1998 163 32
+ chemo) Patel et al. (39) 2002 59 35
Lund et al. (40) 1999 58 28
Carbon alone Yanagi et al. (41) 2009 102 35
Carbon + chemo  Hasegawa et al. (32) 2011 96 58

(DAV)
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BONE AND SOFT TISSUE SARCOMAS OF THE HEAD AND NECK

Bone and soft tissue sarcomas of the head and neck are rare
mesenchymal malignant neoplasms accounting for <10%
of all bone and soft tissue sarcomas and ~1% of all
head-and-neck neoplasms. Wide resection with enough
safety margins is usually difficult, and delivery of high radi-
ation dose is limited by the vicinity of critical normal tissue
structures including the spinal cord, brain stem and eyes.
Accordingly, the LC rates for these tumors are lower com-
pared with the extremities (42). In resectable cases, the
S-year LC rate of combined surgery and RT, surgery alone
and RT alone are 60—70, around 54 and 43—50%, respect-
ively (43); however, in unresectable sarcomas, the prognosis
is miserable (44). There are no reported data for proton
therapy as a sole treatment, possibly because these types of
tumors are considered difficult to treat with low-LET
protons. In a dose-escalation study on carbon ion RT con-
ducted at NIRS, the 5-year LC rate using 64.0 or 57.6 GYE
(n = 16) was only 24%, whereas for the patients receiving
70.4 GyE in 16 fractions (n = 39), the 5-year LC rate was
improved significantly to 73% and the 5-year survival rate
was 48% with acceptable toxicities (32,45). These results
would be the best so far reported in the literature for unre-
sectable sarcomas.

SkuLL BASE AND UpPPER CERVICAL SPINE TUMORS

Major types of tumors of the skull base and the upper cer-
vical spine include chordoma, chondrosarcoma, olfactory
neurogenic tumor and meningioma, for which complete re-
section is rarely achieved because of the vicinity to the crit-
ical normal structures (46). They are generally resistant to
photon beams. While improvements have been achieved
with proton and helium ion therapy, the variance of LC rates
among different centers is significant, possibly due to patient
selection and differences in treatment techniques employed
(47-52). 1t is of note that in the case of chordoma, there are
still many cases who develop recurrences even after 5 years.
Munzenrider and Liebsch (48) reported that the LC rate was
73% at 5 years after proton therapy, whereas it was only
54% at 10 years. In this regard, carbon ion RT holds a prom-
ising potential of improving long-term results, most likely
due to increased biological effects of carbon ions as well as
the sharp lateral fall-off permitting better sparing of critical
organs (53—55).

A total of 76 patients with skull base and paracervical
tumors including 44 chordoma, 14 chondrosarcoma, 9 olfac-
tory neuroblastoma, 7 malignant meningioma, 1 giant cell
tumor and | neuroendocrine carcinoma were treated with
carbon ions at NIRS. There were no patients who developed
serious acute (Grade >4) or late (Grade >3) reactions. The
5-year LC and survival rates for all 76 patients were 88 and
82%, respectively (55).

In the current study, at NIRS for 47 chordoma patients
who received 60.8 GyE in 16 fractions, the 5-year survival
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Table 3. Chordomas of the skull base and upper cervical spine

Ions Author Year No. of Median ~ Median Local control Late >GIII
patients dose follow-up (years) injury
5 years 10 years

Proton + photon Hug et al. (47) (Loma Linda) 1999 33 72 59% 7%
Munzenrider and Liebsch (48) (MGH) 1999 169 66—83 34 73% 54%
Noél et al. (49) (CPO) 2003 100 67.0 2.6 54% (4 years) 6%
Igaki et al. (50) (Tsukuba) 2004 13 72.0 5.8 46%
Ares et al. (51) (PSI) 2009 42 73.5 3.2 (mean) 62% — 6%

Helium Castro et al. (52) (LB) 1994 53 65.0 43 63%

Carbon Schulz-Ertner et al. (53) (GSI) 2007 96 60.0 2.6 (Ave.) 70% — 5%
Mizoe et al. (54) (NIRS) 2009 39 48—60.8 4.7 82% 82% None
Current study (NIRS) 2012 47 60.8 3.7 88% 80% None

rate was 87%. As shown in Table 3, the 5- and 10-year LC
rates for these patients were 88 and 80%, respectively,
without serious toxic reactions. When comparing the treat-
ment results of different modalities reported in the literature
for chordoma, the observation period of 5 years may not be
long enough and an even longer period may be needed. In
this context, when compared with proton therapy, the better
LC rates at 5 and 10 years after carbon ion RT should have
confirmed the radiobiological advantage of carbon ions. The
GSI reported that cumulative LC and survival rates at 5
years were 70 and 86% for chordomas and 87 and 100% at 4
years for chondrosarcomas, respectively. Severe late toxicity
was observed in <5% of all patients, while the overall treat-
ment time was significantly reduced to 3 weeks (46,53).

NoN-sMALL CELL LuNG CANCER

For localized non-small cell lung cancer (NSCLC), the
standard treatment used to be surgical resection. In recent
years, however, an increasing number of patients have been
treated with hypofractionated stereotactic body RT (SBRT)
and ion beam therapy (56—59). Timmerman et al. (59)
reported 3-year results from RTOG 0236, where 55 patients
with biopsy-proven peripheral T1-T2NOMO NSCLC measur-
ing <5 cm in diameter (T1; 44, T2; 11) were treated using
the prescribed dose of 18 Gy x 3 fractions (54 Gy total) in
1.5—2 weeks. The estimated 3-year primary tumor control
rate and 3-year overall survival rate were 97.6 and 55.8%, re-
spectively (Table 4). These are highly favorable results;
however, protocol-specified treatment-related adverse events
were quite high; Grades 3 and 4 were reported in seven
(12.7%) and two (3.6%) patients, respectively. For SBRT as
reported, toxicity appears to be a more significant problem,
although 2-year LC rates are similar to proton therapy.

In proton therapy, 3-year in-field control rates of 74 and
81% were observed in 68 and 57 patients, respectively, and
overall survival rates for these two groups were 44 and 73%,

respectively (60,61). Similar to experiences of SBRT, there
are no data yet reported for proton therapy based on observa-
tion for 5-year or longer (60—63).

In carbon ion RT at NIRS, respiratory gating and image-
guided RT have been integrated in order to allow for further
sparing of normal lung tissues (22). Because of assumed dif-
ference in normal tissue tolerance, Stage I NSCLC was
divided into two groups, peripheral type and central type.
For peripheral tumors, the fraction number and treatment
time have been reduced in gradual steps from 18 fractions/6
weeks through 9 fractions/3 weeks and 4 fractions/1 week
and eventually to single-fraction treatment (64—67). In 129
patients treated at NIRS with 9- and 4-fraction regimens,
there were no serious toxic reactions, and the 5-year LC rate
was 95% for 9 fractions and 90% for 4 fractions (65,66).
The 5-year overall survival rate for 9 and 4 fractions was
50.0 and 45.0%, respectively (corresponding cause-specific
survival rates were 76 and 62%, respectively). Currently, a
dose-escalation study for evaluating a single-fraction treat-
ment with carbon ions is ongoing, in which high rates
of LC and survival have been obtained with only minor
toxicity (67).

For the treatment of the central type of NSCLC at NIRS,
a larger fraction number has been used than for peripheral
tumors, because it was felt that more careful observation was
needed on the radiation-induced reactions of the main bron-
chus. This type of cancer is characterized by relatively super-
ficial lesions and has been successfully controlled with
57.6 GyE in 9 fractions over 3 weeks. On the other hand, for
a central-type tumor forming a bulky lesion, the higher dose
has been employed.

HEPATOCELLULAR CANCER

Hepatocellular carcinoma (HCC) is one of the most common
tumors in the world, causing 662 000 deaths per year with
about half of them in China (68). HCC is one of the cancers
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Table 4. Stage I NSCLC
Author Dose fractionation No. of patients ~ Overall survival Local control Late
(IA:IB) >GlIl
Stereotactic radiotherapy
Baumann et al. (56) 45-66 Gy/3 fr 57 (40:17) 60% (3 years) 92% (3 years) 28%
(Sweden, 2009)
Fakiris et al. (57) T1: 60 Gy/3 fr, T2: 66 Gy/3 fr 70 (34:36) 42.7% (3 years) 88.1% (3 years), T1: 10%
(Indiana, 2009) 100%, T2: 77%
Ricardi et al. (58) 45 Gy/3 fr 62 (43:19) 57.1% (3 years) 87.8% (3 years) <10%
(Torino, 2009)
Timmerman et al. (59) 54 Gy/3 fr/1.5—2 weeks 55 (44:11, 55.8% (3 years) 97.6% (3 years) 10~27%
(RTOG, 2010) <5cm)
Proton beam therapy
Bush et al. (60) 51 CGE/10 fr/2 weeks (n = 22), 60 CGE/10 68 (29:39) 44% (3 years) 74% (3 years), T1: None
(LLUMC, 2004) fr/2 weeks (n = 46) 87%, T2: 49%
Iwata et al. (61) (Hyogo,  80.0 GyE/20 fr (n = 20) 60.0 GyE/10 fr 57 (27:30) 73% (3 years) 81% (3 years) 1.8%
2010) (n=37)
Nihei et al. (62) (NCCE,  70—94 GyE/20 fr 37 (17:20) 84% (2 years) 80% (2 years) 8.1%
2006)
Nakayama et al. (63) Peripheral: 66.0 GyE/10 fr, central: 72.6 GyE/ 55 (Lesions 97.8% (2 years) 97.0% (2 years) 3.6%
(Tsukuba, 2010) 22 fr 30:28)
Carbon ion therapy
Miyamoto et al. (64) 59.4-95.4 GyE/18 11/6 weeks (n = 47), 81 (40:41) 42% (5 years), T1: 79% (5 years) 3.7%
(NIRS, 2003) 68.4—79.2 GyE/9 ft/3 weeks (n = 34) 64%, T2: 22%
Miyamoto et al. (65) 72 GyE/9 fr/3 weeks 50 (29:21) 50% (5 years), T1: 95% (5 years) 2.0%
(NIRS, 2007) 55%, T2: 43%
Miyamoto et al. (66) T1: 52.8 GyE/4fr/1 week, T2: 60.0 GyE/4 fr/1 79 (42:37) 45% (5 years), T1: 90% (5 years), T1: None
(NIRS, 2007) week 62%, T2: 25% 98%, T2: 80%
Yamamoto et al. (67) Single fractionation (36—48 GyE/1 day) 139 (83:56) 76.9% (3 years) 85% (3 years), T1: None
(NIRS, 2011) 87.6%, T2: 79.7%

NSCLC, non-small cell lung cancer; fr, fractions.

with poor prognosis in China, where chronic hepatitis B is
found in 90% of cases. In Japan, chronic hepatitis C is more
common and is associated with 90% of HCC cases. The
outcome of HCC is generally poor because only 10—20% of
HCC can be removed completely with surgery, and the
S-year survival rate is ~15% (69). HCC is associated with
liver cirrhosis in 85% of all cases, which is itself a serious
disorder of the liver. Although the tolerance of the liver to ir-
radiation is generally small, proton therapy has been exten-
sively applied for this disease. As shown in Table 5, the 2-
or 3-year LC and overall survival rates obtained with proton
therapy are 75—96 and 55—66%, respectively (70—73). The
degree of liver dysfunction attributable to coexisting liver
cirrhosis and the number of tumors in the liver significantly
affected patient survival (72).

The eligibility criteria for enrollment for carbon ion RT at
NIRS was that other therapies appeared to offer no potential
of sufficient efficacy or other treatments had proved ineffect-
ive in local tumor control (74—77). In an attempt to develop
a hypofractionated regimen, dose-escalation studies have
been successively implemented from 15 fractions/5 weeks

through 12 fractions/3 weeks, 8 fractions/2 weeks, 4 frac-
tions/1 week and eventually 2 fractions in 2 days. It was pos-
sible to conduct all these fractionation regimens only with
minor toxicities. In 69 patients treated with 52.8 GyE in 4
fractions, post-treatment impairment in hepatic function was
minimal and the 5-year LC and survival rates were 81 and
33%, respectively (75). There were no significant differences
in LC and survival rates and toxicities between the patients
whose tumors were located within 2 cm from the main portal
vein (porta hepatis group) and those who had tumors more
than 2 cm from the main portal vein (non-porta hepatis
group) (76). Since 2003, even a shorter irradiation schedule
of 2 fractions in 2 days has been employed in a
dose-escalation study, in which a total of 117 patients were
treated with a total dose ranging from 32.0 to 45.0 GyE.
There have been no therapy-related deaths and no severe
adverse events (77). The patients who received a higher dose
appeared to have better LC and survival rates than those who
received a lower dose.

In conclusion, proton therapy has been documented as
yielding similar tumor control probabilities when compared
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Table 5. Hepatocellular carcinoma

Author lTons No. of Tumor diameter Dose/fractions Local control Overall survival
patients (range) (mm)
3 years 5 3 years 5
years years
Bush et al. (70), Proton 34 57 (T1-T4) 63 GyE/15 fr 75.0% (2 — 55.0% (2 —
LLUMC years) years)
Kawashima et al. (71), Proton 40 45 (25-82) 76 GyE/20 fr 96.0% (2 — 66.0% —
NCCHE years)
Chiba et al. (72), Proton 162 38 (15—145) 5—72 GyE/10—-24fr 90.0% 86.9% 45.0% 23.5%
Tsukuba
Fukumitsu et al. (73), Proton 51 28 (8—93) 66 GyE/10 fr 94.5% 87.8% 49.2% 38.7%
Tsukuba
Kato et al. (74,75), NIRS ~ C-ion 69 40 (12—120) 52.8 GyE/4 fr 94.0% 81.0%  50.0% 33.0%
Imada et al. (76), NIRS C-ion 64 — Porta hepatis group — 87.8% — 22.2%
52.8 GyE/4 fr
— Non-porta hepatis group 95.7% 34.8%
52.8 GyE/4 fr
Imada et al. (77), NIRS C-ion 40 38 (14-95) High-dose group: 42.8— 95.0% — 72.0% —
45.0 GyE/2 fr
77 45 (15—140) Low-dose group: 32.0— 74.0% — 54.0% —

40.8 GyE/2 fr

with carbon ion RT in HCC. However, there is a major dif-
ference in dose fractionation between the two regimens: the
conventional regimen in proton therapy and the more hypo-
fractionated regimen in carbon ion RT.

PRrOSTATE CANCER

In 1986, the US Food and Drug Administration approved the
prostate specific antigen (PSA) test to monitor the disease
status in patients with prostate cancer and in 1994 to aid in
prostate cancer detection. Since then, the increased incidence
of prostate cancer has led to remarkable improvement world-
wide in diagnosis and treatment over the past century, and a
variety of treatment data have been published including the
use of IMRT and ion beam RT. In recent years, the major
concern has been placed on ion beam RT permitting higher
radiation doses to the prostate at the same toxicity level as
photon IMRT. The effectiveness of proton therapy for pros-
tate cancer was investigated in a prospective Phase III rando-
mized trial on 202 patients with locally advanced Stage T3-4
NO-2 MO tumors to receive 75.6 CGE with combined
photons and proton boost (Arm I) or 67.2 Gy with photon
RT alone (Arm II). A significant improvement in the LC rate
by a conformal proton boost was identified in poorly differen-
tiated tumors but was associated with increased late radiation
sequelae (78). In proton therapy, the largest number of
patients has been treated at the Loma Linda University, where
the overall biochemical relapse-free (DNED) survival rate was
73%. It was 90% in patients with initial PSA <4.0 and 87%
in patients with post-treatment PSA nadirs <0.50. The rates

Table 6. Incidence of late radiation toxicity in prostate cancer

Institutes Treatment Dose/fractions ~ No. of Late >@G2 injury
patients ——————
Rectal ~ Urinary
Christie IMRT 60 Gy/20 fr 60 9.5% 4.0%
H. (80)
Princess IMRT 60 Gy/20 fr 92 6.3% 10.0%
Margaret
H. (81)
Cleveland IMRT 70 Gy/28 fr 770 4.4% 5.2%
CF. (82)
Stanford SRT 36.25 Gy/5 fr 41 15.0%  29.0%
U. (83)
RTOG 9406 3DCRT  68.4-79.2 Gy/ 275 7-16% 18-29%
(84) 3841 fr
3DCRT  78.0 Gy/39 fr 118 25-26% 23-28%
Loma Linda  Proton 75.0 GyE/39 fr 901 3.5% 5.4%
U. (85)
NIRS (88,89) Carbon 63.0 GyE/20 fr 216 2.3% 6.1%
Carbon  57.6 GyE/16 fr 539 0.6% 1.9%

IMRT, intensity-modulated radiotherapy; 3DCRT, three-dimensional
conformal radiotherapy; SRT, stereotactic radiotherapy.

dropped with rises in the initial and nadir PSA values, and in
particular, the long-term survival outcomes for the high-risk
group that had a high Gleason score and/or high PSA values
were very poor (79).



Regarding a radiation-induced morbidity, the incidence of
late toxicity for photon therapy (80—84), proton therapy (85)
and carbon ion RT (86—89) is compared in Table 6. The ra-
tionale of using carbon ions for prostate cancer lies on the
expectation that high-LET carbon ion RT would offer dis-
tinct advantages in terms of its antitumor effects for prostate
cancer, which is a slow-growing, relatively radioresistant
tumor, as well as that the use of a hypofractionated regimen
with carbon ions would be radiobiologically justified in this
tumor. Based on this assumption, a hypofractionated
regimen with 20 fractions in 5 weeks was initially employed
at NIRS, which was then reduced to 16 fractions in 4 weeks.
Currently, the safety and efficacy of 12 fractions in 3 weeks
is being investigated at NIRS (88).

It is reported that after carbon ion RT with 63.0 GyE/20
fractions/5 weeks, late complications of the lower urinary
tract were about the same as in photon IMRT and proton
therapy, while the late rectal toxicity was lower than with
any other modality. When the schedule of 57.6 GyE/16 frac-
tions/4 weeks was used, acute and late rectal toxicities were
significantly reduced when compared with what had been
observed with conventional three-dimensional conformal RT
(3DCRT), IMRT or proton therapy. No serious toxic reactions
have been observed to date in carbon ion RT (86—89). These
results may be the proof for both the physical and biological
advantage of carbon ions over other low-LET radiations.

Regarding the antitumor effect in carbon ion RT at NIRS,
the bNED survival rates for a total of 1084 patients at 5 and
10 years were 95.4 and 90.6%, respectively, and high sur-
vival rates were obtained especially in the high-risk group
(88,89). There were no differences in the relapse-free rate
and the overall survival rate between 20 and 16 fractions,
while the toxicity was even smaller in 16 fractions than 20
fractions. Table 7 shows a risk-grouped comparison of sur-
vival rates on the large-scale clinical studies of combined
X-ray and endocrine therapy performed by RTOG prostate
cancer trials in the USA (90) and the survival rates of carbon
ion RT at NIRS (88). These results show that overall survival
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rates are higher in carbon ion RT in all groups, particularly in
a high-risk group, most likely representing radiobiological
benefit of carbon ions in slow-growing neoplasms like prostate
cancer.

BoNE aND SorT TisSUE TUMORS

Bone and soft tissue tumors comprise a variety of histologic-
al subtypes with different biological behavior and are gener-
ally photon-resistant. Advanced tumors originating from the
trunk including the pelvis, para-spinal region and retroperito-
neum are in many cases not suited for surgical resection
with poor prognosis. When the tumors are unresectable, the
prognosis is miserable. In the past, such patients used to be
treated with fast neutron therapy based on the radiobiological
property for the use of high-LET radiations (12,13). Despite
the therapeutic advantage of fast neutrons, in many reports,
the incidence of severe toxicities appeared unacceptably
high (91).

Proton therapy has also been applied to these tumors, not
as a sole treatment but mainly after the gross tumors are par-
tially or totally resected (92). In contrast, carbon ion RT at
NIRS has been applied as a sole treatment to advanced bone
and soft tissue sarcomas of the trunk, which are primarily
not suited to surgical resection or are entirely inoperable,
offering a favorable prospect as a function-preserving modal-
ity (17,18,93). Clinical results of carbon ion RT based on a
total of 514 lesions in 495 patients with a variety of histo-
logical types have shown that the 2- and 5-year LC rates
were 85 and 69%, respectively, and the 2- and 5-year overall
survival rates were 79 and 59%, respectively (94).

OSTEOSARCOMA

Osteosarcoma is the most common type of primary bone
cancer and usually develops in growing bones, particularly
in the arm and leg. It is most commonly treated with surgery
combined with chemotherapy. In contrast to extremity

Table 7. Overall survival rates of carbon ion RT compared with the results of RTOG meta-analysis in prostate cancer

Studies Total dose/fractions Overall survival
Group 2 Group 3 Group 4
No. of S-year No. of S-year No. of S-year
patients 0OS (%) patients OS (%) patients OS (%)
RTOG meta-analysis (90)
RT alone 65—70 Gy/30-35 fr 443 82 338 68 324 52
RT + hormone 65—70 Gy/30-35 fr 114 76 138 79 103 63
Carbon + hormone (88,89) 66—63 GyE/20 fr or 57.6 GyE/16 fr 381 99 321 94 143 87

OS, overall survival.
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Table 8. Osteosarcoma of the trunk

Institutes Treatment No. of patients Site S-year overall survival (%)
All case Resectable Unresectable

MGH (95,96) Surgery 26 S 31 — —

Surgery + proton/photon 55 A% 67 — —
Mayo Clinic (97) Surgery 43 P 38 38 —
Inst Orthop Rizzoli (98) Surgery 60 P 15 30 0
COSS (99,100) Surgery 67 P 27 34 0

Surgery 22 S 30 40 0
NCBT (101) Surgery 40 P 21 26 —
MSKCC (102) Surgery 40 P 34 41 10 (1/10)
NIRS (94,103) Carbon ions 78 Trunk 32 — 32
S, spine; P, pelvis; V, various.
tumors, primary osteosarcomas of the axial skeleton or trunk ~ Table 9. Sacral chordoma
more likely present with metastases at diagnosis, and local
failure after surgical treatment is very common. As shown in ~ Institutes  No.of — Treatment S-year local - Overall
Table 8, the prognosis of unresectable osteosarcoma is mis- patients control (%) M
erable with a survival rate of 10% or less (95—102). A total 5 10
of 55 patients with a median age of 29 years (range, 2—76 years  years
years) were offered proton therapy at Massachusetts General
Hospital (MGH) (96). The criteria for proton therapy were MGH (104) 27 Surgery + proton/ 72 2 ©
patients with unresected or partially resected osteosarcomas, photon
positive postoperative margins, postoperative imaging studies [N 14 Surgery + Heion 55 85 2
with macroscopic disease or incomplete resection as defined (105)
by the surgeon. The mean dose was 68.4 Gy, of which Mayo 5 Surgery 56 74 52
58.2% was delivered with protons. The LC rates after 3 and  Clinic (106)
5 years were 82 and 67%, respectively. Grade 3—4 late tox- NIRS 95 Carbon ions alone 88 86 74
icity was seen in 30.1% of the patients. Osteosarcomas of (94,109

the trunk constituted the next largest group at NIRS, for
which carbon ion RT with or without chemotherapy
appeared to provide a survival benefit. The 5-year LC and
S-year overall survival rates for the 78 patients with unre-
sectable osteosarcoma of the trunk were 61 and 32%, re-
spectively (94,103). The median diameter of the tumors was
9 cm. The tumor size was one of the most important prog-
nostic factors. Of all 78 patients, 38 patients with a tumor
volume of <500 cc showed a 5-year LC rate of 87%, while
40 patients with a volume of more than 500 cc had a rate of
21%. The 5-year survival rate of the 38 patients with smaller
tumors was 46%, while that of the larger tumor group was
19%. There were no patients who developed Grade 3 or 4
late toxicities.

SACRAL CHORDOMA

Sacral chordoma is a rare tumor, for which surgery used to
be the first choice of treatment, although it is not always pos-
sible. Sacral chordomas frequently occur among the elderly
population, who are often contraindicated to surgery because

of either associated diseases or overall frailty. They are often
left undetected until they start to cause pain and other symp-
toms. The sacrum houses the sacral nerves, which innervate
the excretory functions and ambulation. Depending on the
level of tumor involvement to the sacral bone, excision of
these nerves causes permanent gait, excretory and other dis-
abilities, which impairs the patients’ quality of life.
Therefore, curative surgery for sacral chordoma (sacrectomy)
is one of the most invasive treatments. As shown in Table 9,
the LC rate of surgery alone or combined with proton/photon
or helium ions ranges from 55 to 72% (104—106). Sacral
chordomas usually grow slowly, are photon-resistant and are
expected to benefit from carbon ion RT (107—109). They
accounted for the largest proportion of sarcomas at NIRS,
and between 1996 and 2007, 95 patients with sacral chor-
doma received carbon ion RT (94). The median age of these
patients was 66 years, and the median tumor diameter was
9 cm. The 5-year LC rate was 88% and the 5-year overall
survival rate was 86%. Of the 95 patients, 91% remained



ambulatory with or without a supportive device. Two
patients experienced severe skin and soft tissue reactions re-
quiring a skin graft. Fifteen patients experienced severe
sciatic nerve complications requiring continued medication.

CHONDROSARCOMA

Chondrosarcoma is the second most common primary malig-
nant bone tumor. Surgery has been the main form of treat-
ment, and the definitive en bloc resection of the tumor is
mandatory to obtain long-term disease-free survival.
However, radical surgical intervention for chondrosarcoma
of the trunk has sometimes been associated with substantial
morbidities. From 1996 to 2009, 71 patients with chondro-
sarcoma received carbon ion RT at NIRS (88). The clinical
target volumes ranged between 25 and 2900 cm® (median
488 cm?). At 5 years, the actuarial overall LC rate and
overall survival rate were 60 and 60%, respectively. Four
patients experienced Grade 3 and/or 4 skin/soft tissue late
reactions in this series.

REcTAL CANCER (POSTOPERATIVE PELVIC RECURRENCE)

Although postoperative recurrence of rectal cancer in the
pelvis has decreased as a result of improvement in surgical
techniques, its incidence is still in a range of 5—20%. For
locally recurrent rectal cancer, surgical resection is the first
choice, but a highly invasive procedure like a total pelvic ex-
enteration is often required. The resection rate is reported to
be in the range of 40—50% for liver metastases and 20—40%
for lung metastases, whereas it was 10—40% for locally re-
current colorectal cancers (110,111). As shown in Table 10,
the 5-year survival rate for surgically treated patients is

Table 10. Post-operative pelvic recurrence of rectal cancer

Author Year No. of Treatment ~ Overall Local control
patients survival (%) (%)
2 years 5
years

Wanebo 1999 53 Surgery 62 31 —
etal. (112)
Saito et al. 2003 43 Surgery 78 39 —
(113)
Moriya et al. 2004 48 Surgery 76 36 —
(114)
O’Connel 1982 17 Photon 45 0 24 (2 years)
et al. (115) 50 Gy
Wong et al. 1991 22 Photon 27 16 9 (5 years)
(116) 40—-50 Gy
Lybeert 1992 76 Photon 61 (1 3 28 (3 years)
etal. (117) 6—66 Gy years)
NIRS (118) 2011 111 Carbon 86 42 95 (5 years)

73.6 GyE
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around 35% (112—114). Many of the patients with local
rectal recurrence are not eligible for surgical resection and
are frequently referred to RT. Yet, the results of standard RT
are still far from adequate, with many studies in the literature
reporting a 50% survival period of 12 months and a 5-year
survival rate of 0—16% (115—117). Therefore, the role of
standard RT has been often described as mere pain control.
Postoperative pelvic recurrence of rectal cancer has been
extensively treated with carbon ions at NIRS. The
dose-escalation study showed that the LC and survival rates
were dependent upon total doses delivered (118). The 5-year
survival rates were only 24.0% for patients treated with
67.2 GyE/16 fractions (n = 10), 27.5% for patients treated
with 70.4 GyE/16 fractions (n = 19) and 42.3% for those
treated with 73.6 GyE/16 fractions (n = 111). A significant
proportion of patients experienced rapid pain relief, and no
particularly serious toxic reactions were observed.
Furthermore, Mobaraki et al. (119) reported that when com-
pared with conventional treatment including surgery,
3DCRT, chemotherapy and hyperthermia, carbon ion RT is
a cost-effective treatment for locally recurrent rectal cancer.

UTERINE CERVIX CANCER

The incidence and mortality of uterine squamous cell carcin-
oma (SCC) is in a declining trend, and the treatment results
have been relatively favorable through the introduction of
concomitant chemoradiotherapy. The treatment results of
uterine SCC in an advanced stage, however, are at present
still unsatisfactory. This has led to an attempt to apply
carbon ion RT to locally advanced lesions in order to
achieve a new breakthrough in therapeutic results that have
seen little or no progress. Although dose-escalation studies
are still in progress, carbon ion RT has been considered to
be effective for the treatment of Stage III and IVa cervical
SCC (120).

In contrast to SCC, the incidence of adenocarcinoma of
the uterine cervix has been increasing over the past few
decades and accounts for 10—24% of all cervical carcinomas
(121). Carbon ion RT for uterine adenocarcinoma has been
targeted primarily at non-resectable tumors, and so far, a
total of 57 patients with cervical adenocarcinoma have been
treated at NIRS. Among them, 31 patients had Stage 11I1B—
IVA disease, whose LC and survival rates at 5 years were
53.3 and 50.0%, respectively. These figures were superior to
the corresponding results of photon therapy reported by
others (33—46 and 25—29%, respectively), suggesting that
carbon ion RT provides favorable outcomes in the treatment
of locally advanced cervical adenocarcinoma.

PANCREAS CANCER

The prognosis of pancreas cancer is poor. Even if a curative
resection is performed, the disease usually recurs and the
5-year survival rate is <20% (122). In the case of locally
advanced unresectable pancreas cancer, the 2-year survival
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rate is even lower at ~10% (123,124). To improve the treat-
ment results for pancreas cancer, the critical factor lies in
how effectively it is possible to prevent or control liver me-
tastasis as well as retroperitoneal recurrence that accounts for
50% of all recurrences. At NIRS, carbon ion RT has been
evaluated in a Phase I/II study to improve the LC rate and to
establish therapeutic strategies, including the preoperative
use of carbon ions for resectable cancer, as well as the con-
comitant use of chemotherapy and carbon ions for locally
advanced pancreas cancer. In the 21 patients who had
carbon ion RT (30.0—36.8 GyE/8 fractions/2 weeks) fol-
lowed by curative resection, the 5-year LC and 5-year
overall survival rates were 100 and 53%, respectively (125).
A total of 60 patients with locally advanced cancer were
treated with carbon ion RT over five dose levels (43.2—
52.8 GyE/12 fractions/3 weeks) and concurrent weekly gem-
citabine over three dose levels (400—1000 mg/m?). The LC
and overall survival rate increased along with the dose escal-
ation of carbon ions. In the high-dose group, for whom the
total dose of >45.6 GyE/12 fractions with the concomitant
use of gemcitabine (1000 mg/m?) was given, the 2-year LC
and 2-year overall survival rates were 47 and 66%, respect-
ively, with acceptable toxicities. These figures appear to be
superior to those achieved in other trials.

Eyve TuMoORs

Carbon ion RT has been applied to uveal melanoma at
NIRS. The aspects in which carbon ion RT differs from
proton therapy are, in particular, that carbon ion RT uses
computed tomography (CT)-based treatment planning, that it
is primarily applied to large tumors that are generally
excluded from proton RT and that irradiation is performed
from two portals to ensure the maximum possible prevention
of cataract and neovascular glaucoma. The 3-year overall
survival, disease-free survival and LC rates for 59 patients
were 88.2, 84.8 and 97.4%, respectively (126). The inci-
dence of post-treatment glaucoma was strongly related to the
tumor size and location, and the enucleation rate of 5% at 3
years was lower than that for proton therapy in a similar
patient group treated at Loma Linda University (127), al-
though the number of patients might be insufficient for reli-
able comparison. The CT-based treatment planning
employed at NIRS may offer the advantage of avoiding
severe glaucoma requiring eye enucleation with the treatment
of medium-to-large size tumors.

Malignant epithelial tumors originating from the lacrimal
gland have a low incidence. Surgery offers poor results
because of the difficulty in the total eradication of tumors.
This has led to the use of carbon ion RT at NIRS using 12
fractions/3 weeks. So far, 12 patients have been treated with
a total dose of 48 GyE in 5 patients and 52.8 GyE in 7
patients. It has been shown that the LC rate is excellent but
determination of the target volume is vital for the prevention
of marginal recurrence.

CONCLUSION

Large series of a review here have shown that carbon ion RT
does indeed appear to have clinical advantages over other
modalities such as photon IMRT and proton RT. The bene-
fits of carbon ion RT have been demonstrated in non-
squamous cell types of tumors including adenocarcinoma,
ACC, malignant melanoma and various sarcomas arising in
the head/neck and many other sites. In the treatment of chor-
domas of the skull base and sacrum, significant improve-
ments have been achieved with proton and carbon ion RT,
and after long-term observation (10 years), the difference in
the LC rates became larger in favor of carbon ion therapy.
The radiobiological advantage of carbon ions has been con-
firmed in the treatment of bone and soft tissue sarcomas in-
cluding osteosarcoma, chordoma and many other types of
sarcomas arising from the head/neck, pelvis, vertebra/para-
vertebral region and retroperitoneal region. These tumors are
frequently found to be difficult to treat with surgical resec-
tion and are generally photon-resistant. The postoperative
pelvic recurrence of rectal cancer has also been treated with
the results comparable to or even better than those of
surgery. For certain cancers such as malignant melanoma
and pancreas cancer, carbon ion RT combined with chemo-
therapy has significantly prevented or delayed the develop-
ment of distant metastasis with improved survival and LC.
By taking advantage of the unique properties of carbon ions,
it has been possible to complete the treatment in a short time
and with small fractions. The experiences of the NIRS have
provided the data in support of the single-fraction treatment
for early-stage NSCLC, two-fraction treatment for HCC and
16- or 12-fraction treatment for prostate cancer. Even for
other tumor sites, 16 or smaller fractions have been suffi-
cient, less than half the number of fractions required in the
standard RT. This means that the carbon therapy facility can
be operated more efficiently, offering treatment for a larger
number of patients than is possible with other modalities
over the same period of time. In connection with this,
carbon ion RT has been shown to be a cost-effective treat-
ment in selected tumors.

The current status and anticipated future directions of the
role of ion beam therapy in medicine may be a complex
subject that involves an intimate interplay of radiobiology,
accelerator physics and radiation oncology. In this context,
together with highlighting the clinical results, the technical
advances as well as future directions of carbon ion RT are
promising.
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