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Abstract

of carbon ion facilities into the United States is warranted.

Cancer stem cells

Radiotherapy for the treatment of cancer is undergoing an evolution, shifting to the use of heavier ion species. For
a plethora of malignancies, current radiotherapy using photons or protons yields marginal benefits in local control
and survival. One hypothesis is that these malignancies have acquired, or are inherently radioresistant to low LET
radiation. In the last decade, carbon ion radiotherapy facilities have slowly been constructed in Europe and Asia,
demonstrating favorable results for many of the malignancies that do poorly with conventional radiotherapy.
However, from a radiobiological perspective, much of how this modality works in overcoming radioresistance, and
extending local control and survival are not yet fully understood. In this review, we will explain from a radiobiological
perspective how carbon ion radiotherapy can overcome the classical and recently postulated contributors of
radioresistance (a/f3 ratio, hypoxia, cell proliferation, the tumor microenvironment and metabolism, and cancer stem
cells). Furthermore, we will make recommendations on the important factors to consider, such as anatomical location,
in the future design and implementation of clinical trials. With the existing data available we believe that the expansion

Keywords: Radiotherapy, Radiobiology, Carbon ions, Hypoxia, o/ ratio, Tumor microenvironment, Tumor metabolism,

Towards the establishment of a national ion
therapy R&D center
Despite the initial relative success of treatments after the
discovery of X-rays in 1895, physicians were left with
very few techniques to treat common malignant and be-
nign pathologies that yielded adequate local control (LC)
while limiting toxicity and damage to normal tissues and
structures [1]. Yet, X-rays were still being used in the
clinic without any understanding of their biological char-
acteristics. This lack of understanding unlocked a new
and rapidly developing field aimed at comprehending
the biological mechanisms of radiation — radiation bio-
logy. Clinically, this field focused on the need to achieve
better LC, which still remains relevant in modern day
radiation therapy (RT) research.

While multiple proton therapy centers are already in
operation in the United States, with more under con-
struction, clinical facilities capable of delivering other
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heavy ions exist notably in Japan and Germany, with more
beginning operations or under construction throughout
Europe. HIMAC, the Heavy Ion Medical Accelerator in
Chiba, Japan, began the first full clinical trials with
carbon ion therapy in 1994. HIMAC was joined by two
more carbon-beam facilities in 2002 (Hyogo) and 2010
(Gunma). In Germany, the Gesellschaft fiir Schwerio-
nenforschung (GSI) center has been treating patients
with carbon ions since 1997. Preliminary data from those
centers suggest carbon ion therapy has the potential to be
a superior treatment modality for certain cancer types, but
further investigation is necessary. (Discussed below).

In the United States, radiobiology research and clinical
treatment using carbon, neon, silicon, and argon ion
beams took place from the 1970s to 1993 at the Bevelac,
a project at Berkeley’s Heavy Ion Linear Accelerator
(HILAC). Worldwide, over 11,000 patients have been
treated at heavy-ion facilities [2]. Due to the develop-
ment and use of heavy ion therapy internationally, and a
renewed interest by the Department of Energy to apply
accelerator expertise to the medical industry, the ability
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to conduct carbon ion research may once again become
available in the United States [3].

An inter-agency effort to develop and operate a
particle beam therapy R&D center at the Walter Reed
National Military Medical Center (WRNMMC) in
Bethesda, Maryland, was formally launched in August of
2012. This national resource, the only fully operational
accelerator-based federal medical research facility in the
United States, would be capable of producing ion beams
from protons to carbon with the purpose to: 1) serve as a
platform for high-quality and high-impact translational,
pre-clinical and clinical trials; and 2) operate a fully
capable treatment room dedicated solely to radiobiol-
ogy, medical physics and accelerator physics research
and development.

The biggest barriers to clinical research and develop-
ment of particle beam therapy in the United States for
charged particles heavier than protons, are the high cap-
ital costs and the high operational costs in the setting of,
lack of reimbursements and lack of data demonstrating
cost-effectiveness. A zeroth order estimate of the cost of
an R&D center in the U.S. is in line with estimates from
other groups which have estimated the cost of a center
to be on the order of 138.6 million euros [4]. Clearly,
securing private investments of this magnitude in order to
design, build, and operate a heavy particle R&D center in
the United States appears impossible and out of reach
especially if investors must wait for effectiveness data to
mature [5].

It has been observed in the economic evaluations of
proton therapy that in jurisdictions that do not wish to
engage in formal reimbursement in the absence of cost-
effectiveness data, the introduction of proton therapy
may be seriously hampered and will again perpetuate
the lack of outcome and cost data [6]. This is even more
so in the United States for heavier particle therapy.
Pijls-Johannesmaa and colleagues in their assessment of
cost effectiveness of particle therapy suggest that other
approaches should be considered [5].

An inter-agency collaboration within the U.S. could be
one such approach since the agency budgets have virtu-
ally no dependence on revenue generated from billing
private insurers. Rather cost-avoidance has the potential
to provide some savings to federal agencies to offset the
costs to their R&D budget, for which many are already
spending significantly on cancer research. This together
with the well-established national healthcare systems of
the various U.S. federal agencies, the large numbers of
eligible beneficiaries they care for, the high quality of cancer
care that they deliver, and the proven ability of multiple
federal agencies (e.g. the National Cancer Institute’s
Center for Cancer Research and the Veterans Adminis-
tration Office of Research and Development) to design
and conduct high impact clinical oncology trials on a
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national scale make a federal inter-agency effort in
collaboration with academia and industry an approach.
Grutters, et al., astutely observe that postponing the
decision to adopt a potentially cost-effective treatment
induces costs in terms of health benefits forgone [7]. In
the case of particle therapy for the treatment of non-
small cell lung cancer (NSCLC) they assert that because
of the high value of information, it is recommended to
acquire more evidence on the effectiveness of particle
therapy in NSCLC. However, they point out that collecting
clinical evidence requires particle facilities. They therefore
conclude that, it might be worthwhile to invest in a par-
ticle facility, which should initially be used for clinical
research only [7]. We agree and believe that investiga-
tors in the U.S. would have much to contribute to this
important research.

Following the recommendations of the Summary Report -
Workshop on Ion Beam Therapy, the proposed R&D
center would exist to advance both research and treatment
options for tumors a) exhibiting a high-risk of local failure
post photon (or proton) RT, b) radio-unresponsive due to
histology, hypoxia, and other factors, c) recurring, d)
efficient at repairing cellular damage, or e) adjacent to
critical normal structures, especially if resection could
lead to a substantial loss of organ function [8].

In this review, our aim is to discuss how radio- and
tumor biology, anatomical factors, and other non-classical
mediators of photon-therapy resistance should be taken
into account when optimizing the use of carbon ion ther-
apy for cancer management. Additionally, we will provide
recommendations for the design of future clinical trials,
and recommend which malignancies could be initial pri-
mary targets for the introduction of carbon ion therapy
into mainstream clinical practice. It is worthwhile to men-
tion that the use of other high LET particles have been
used for decades (e.g. fast neutron therapy) or are current
candidates for therapeutic use (helium and oxygen), in
many of the same histologies that are discussed here; how-
ever, this comparison is beyond the scope of this review.
Many of the same conclusions drawn here may also be
valid, to a lesser degree, for other heavy ion particles.
Future work should be done in analyzing dose and frac-
tionation schemas implemented with fast neutrons to help
determine dose settings in future phase I/II carbon ion
clinical trials.

Radiobiological factors

It is tempting to present carbon ion technology as a
valid option for most malignancies based on a variety of
radiobiological parameters. Considering the higher relative
biological effectiveness (RBE) and increased linear energy
transfer (LET) carbon ions possess, they should theoretic-
ally produce greater outcomes for any malignancy for
which they are being employed. However, multiple reasons
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exist for the selective use of carbon ions including, the
significant cost associated with construction and operation
of facilities, and moreover, the lack of long term data
regarding toxicity and secondary malignancy.

According to Fokas et al., high LET radiation should
be selectively used for radiobiological reasons in tissues
that are: slowly proliferating, later responding, have a
high capacity for sub-lethal damage repair (SLDR), a low
a/p ratio, and in those histologies which have been
shown to be highly resistant to conventional treatment
[9]. This statement challenges the balance of high RBE
for carbon ions, against radiobiological and anatomical
factors. This dichotomy limits its actual implementation
for many malignancies. In this section, we will discuss
the classical radiobiological factors that play critical roles
in determining which malignancies should theoretically
respond well to carbon ion RT.

The o/ ratio

A hallmark component of classical radiobiology, the a/f
ratio, is one of the overriding parameters used to model
cell killing by radiation. It is the byproduct of the linear
quadratic (LQ) model, which describes cell killing as a
single hit versus double hit hypothesis, where linear cell
kill is expressed by the a component, while quadratic
cell kill is expressed by the f—component [10]. The ratio
is obtained from isoeffect curves plotted using the sur-
vival fractions (SFs) of a single cell line at different doses
per fraction [11,12]. Presently, this ratio is used as a
staple for predicting the clinical effects in response to
RT despite various limitations.

A high o/ ratio (6-14 Gy), seen in most human tumors,
suggests a predominance of the a-component, implying a
decreased response to fractionation and therefore, clinical
benefit from hyperfractionation. (Hyperfractionation is
implemented in order to spare normal tissues, prevent
accelerated repopulation, and maximize therapeutic
gain). A lower a/p ratio (1.5-5 Gy) is usually associated
with late responding normal tissue, and is the basis for
the therapeutic gain achieved using hypofractionation.
However, some tumors have been postulated to have a
low o/ ratio, including prostate cancer, rhabdomyosar-
coma, and melanoma [13,14].

In theory, a possible rationale for the administration of
carbon ion therapy can be successfully argued for both
high and low a/p tumors. For low a/f tumors, carbon
ions could eliminate the relative radioresistance to pho-
ton treatment, by decreasing the predominance of the
[-component, and subsequently decrease the capability
for SLDR. Sublethal damage is typically associated with
photon irradiation. By contrast, carbon ions tend to cause
“clustered” damage, which is less prone to SLDR, and
accordingly, may potentially increase the LC of low a/f
ratio tumors [15,16]. High o/f tumors on the other hand,
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already tends to show a more robust response to photon
irradiation by virtue of their high o component. Yet, like
low a/f tumors, they too can derive theoretical benefit
from carbon ion treatment twofold: (1) increased cell kill-
ing beyond what is achieved by photon RT, as a result of
superior RBE, and (2) a decrease in toxicity to normal tis-
sue due to the superior depth dose distribution of carbon
ions (Figure 1).

Examination of the a/f ratio of various tumors is
necessary to utilize this ratio in guiding the selection of
tumors. Yet, these data are not widely available for a variety
of common human tumors due to, significant concern over
its determination in cell lines (some of which may be inad-
equate), the influence of the tumor microenvironment
in vivo, and the difficulty accounting for hypoxia. Where
available, it has been obtained from experimentally derived
tumors irradiated and assayed in situ by growth delay [14].
An alternative to the o/ ratio is to look at the surviving
fraction at 2 Gy (SF2) of various tumors, as a surrogate for
the radiosensitivity of photon irradiated tumors.

Deacon et al. classified tumors into 5 categories A to
E according to radioresponsiveness based on the SF2,
with A being the most radioresponsive and E the most
radioresistant [17]. Fitting the LQ equation to the mean
SF2’s correlated with a a/p ratio of 60.4 for group A and
5.77 for group E. Not surprisingly, tumors identified by an
elevated SF2, such as category E tumors (glioblastoma,
melanoma, osteosarcoma, and renal cell carcinoma)
remain difficult to control using photon RT. Based on
multiple experimental findings, this particular set of
tumors maintain an increased ability for SLDR, and
have a wide a/p ratio range, thereby exhibiting relative
radioresistance to photon irradiation.

Expectedly, the category E tumors that have been treated
with carbon ions have responded with promising results.
Mucosal malignant melanoma treated with carbon ion RT
in conjunction with DAV chemotherapy gave a survival
rate of 58%, similar to the survival rate with post operative
photon RT or carbon ion therapy alone, 51.5% and 35%
respectively [18,19]. Bone and soft tissue sarcomas of the
head and neck, another category E tumor, specifically when
unresectable, were shown to have a 5-year LC rate of 73%
and a 5-year overall survival (OS) rate of 48% [20]. When
using photon RT alone, these tumors have a LC rate of
only 43-50%.

Prostate cancer, another category E histology that to
date, has been increasingly treated with carbon ions has
shown success, although its treatment with carbon RT
may not be necessary [21]. Photon and proton therapy
have been the standard of care and have shown success
[22-24]. The argument to use carbon ions for this malig-
nancy is to decrease the risk of potential side effects that
can be encountered with photon RT due to the superior
depth dose profile of carbon ion treatment. In addition
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Figure 1 Radiation Species determine the importance of the classical radiobiological factors. (A) The oxygen enhancement ratio (OER) has
an inverse relationship with the linear energy transfer (LET). While the cell killing effect of photons (grey) and protons (brown) are dependent on
the oxygen tension, carbon ions (blue) are able to induce the same cell kil effect with a significantly lower degree of dependence on oxygen
tension. (B) The attractiveness of protons (orange) and other heavier ion species, such as, neon (red), helium (purple) and carbon (green) is the
existence of the Bragg Peak, which allows for minimal damage to the surrounding tissue, while low LET radiation, which does not exhibit this
peak can induce greater damage to the surrounding tissue. Carbon ions have become a more popular option as it has the lowest entry RBE of
other heavy ion species, and unlike protons, does exhibit fragmentation tails intermediary of the other heavy ion species, however more importantly, at
the Bragg Peak has a significantly higher RBE compared to protons. (C) Under normoxic conditions low LET photons hydrolyze water and induce
breaks in the phosphodiester bonds of DNA. Subsequently the DNA radicals in the presence of molecular oxygen will be fixed or become permanent.
Under hypoxic conditions, however, the DNA radical becomes reduced by sulfahydrl groups and the DNA breaks become repaired. With high LET
radiation (carbon) the particle directly acts on the phosphodiester bond of DNA inducing clustered damage which is less amenable to repair.
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to this, hypofractination, which is often employed in
carbon ion treatment, could improve patient convenience.
Previous trials suggest toxicity similar to or better than
proton therapy, with slightly improved OS in higher risk
groups [21]. These findings are not surprising as they
adhere to current radiobiological thought. It is likely that
the higher risk prostate cancers are more radioresistant
(low o/p and SF2), and therefore, more likely to benefit
from carbon ion treatment. Considering the SF2 and a/p
ratio, low and intermediate risk prostate cancers may
derive equal benefit from both proton and carbon RT.
This observation fuels the argument that the use of
carbon ions may improve LC in other category E tumors.
Interestingly, little literature is available on the o/p ratio or
SF2 on chordomas (a/p ratio: ~2.45), chondrosarcomas or
adenoid cystic carcinomas, however, these malignancies
are some of the primary malignancies treated with carbon
ions in a study that was terminated at GSI [25,26]. Pre-
sumably, these tumors were chosen because of a high local
failure rate when given photon irradiation. Additionally,
anatomical considerations (discussed below), rather than

the availability of these data, may provide support for
using carbon ions.

Exploiting the o/ ratio, however, requires further
study, and in the absence of long term data, carbon
ions should not preferentially be employed in high o/p
tumors outside of a clinical trial, unless significant
retrospective evidence exists producing a superior out-
come compared to photon RT.

Carbon ion RBE

RBE is not only cell type dependent, but also varies with
particle energy (Figure 1). The carbon ion energy distri-
bution over the treatment field is inhomogeneous, and
therefore, the ability to accurately predict RBE at various
dose depths and tissues will be crucial in eliciting a
therapeutic advantage over photon treatment [27]. The
RBE of carbon ions is optimal at the Bragg Peak, but the
Bragg Peak is also tissue dependent. Data on the RBE
with respect to different tissue types is emerging; how-
ever, it is not currently being employed directly in treat-
ment planning. By not fully using available experimental
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RBE data in conjunction with different tissue types, the
risk of neglecting to identify the presence of a clinically
significant effect when carbon ions are incorporated in
clinical trials exists.

Hypoxia

The concentration of oxygen and its effects on radiosen-
sitivity have been meticulously investigated since the
early twentieth century, beginning with Petry in 1923,
where the observation was made that radiation inhibited
the germination of vegetable seeds [10]. This oxygen effect
was further confirmed through the quantitative measure-
ment of oxygen on growth inhibition of the Vicia faba
primary root [28]. Exhaustive research has since gone into
understanding this oxygen effect, as the absence of oxygen
is postulated to play a role in conferring radioresistance
in tumors. Investigators have now unequivocally demon-
strated the effect that the absence of oxygen has on ra-
dioresistance, and the negative effects it has on tumor
control, yet this observation cannot be fully explained by
radiobiology or physics [29-31].

Experiments have shown that at both low and high
doses of radiation, an enhancement of cell killing in aerated
conditions is observed when compared to hypoxic con-
ditions thus giving rise to the concept of the oxygen en-
hancement ratio (OER). Fascinatingly, minimal oxygen
effect has been observed for densely ionizing radiation
[10]. This may be explained by the complexity of DNA
damage that intermediate and densely ionizing radiation
(e.g. a-particles, carbon ions) are capable of inducing on
DNA [32] (Figure 1).

Following exposure to ionizing radiation, if molecular
oxygen is present, organic peroxide is produced, thus
“fixing” or making permanent the damage incurred by
DNA. Under hypoxic conditions however, DNA dam-
age induced by low LET radiation can be more readily
repaired. The DNA radical can be reduced by sulfahy-
dryl groups (SH groups) making DNA damage, both
single and double strand breaks, less severe under hyp-
oxic conditions. A related explanation may be that the
fixation of DNA damage by oxygen could be relevant
for indirect radiation effects, the dominant form in low
LET radiation, while direct action caused by high LET
radiation (e.g. carbon) is less affected by the presence
of oxygen [33] (Figure 1). Numerous alternative hy-
potheses try to explain this phenomenon, however, as
of yet, there is no uniform theory that is capable of
explaining the inverse relationship between OER and
LET [34-37].

Increased exploration showed that there is a very
complex correlation between the tumor microenviron-
ment and the significant heterogeneity in the pathways
that govern the response to hypoxia in different tumors.
Oxygen tension is known to be quite heterogeneous in
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tumors with many regions having very low levels, much
lower than in surrounding normal tissues (in some
tumors less than 5 mmHg pO,) [38]. Studies have shown
an inverse relationship between dependence on oxygen
inducing cellular damage and the mass of the ion species.
Consequentially, one would expect tumors with larger
hypoxic fractions to benefit from carbon ion radiation.

A theoretical analysis by Wenzl and colleagues deter-
mined that dose dependence existed between OER and
the dose per fraction given [39]. They determined that
the behavior of the OER depended primarily on the a
and B parameters which in turn depend on LET, pO,,
and cell or tissue type. In comparing multiple studies of
various cell lines they observed that the a, aeoric/Qy-
poxics AN B, (Baerobic/ [Shypoxic)l/ 2 components were in gen-
eral, substantially lower when exposed to high LET
carbon radiation, than those cell lines that were exposed
to low LET radiation.

The identification of tumors that are radioresistant by
virtue of hypoxia may offer a rationale for these tumors
to be targeted with carbon ion RT. Since it is difficult to
measure the a/p ratio in tumors, the measurement of a
hypoxia biomarker could lend additional information
in determining the therapeutic gain when deciding to
pursue carbon ion irradiation.

Identifying hypoxia induced genes and downstream
signaling molecules associated with radioresistance may
help in determining which types of tumors would benefit
from carbon ion RT. A plethora of evidence has shown
the increasing importance of the heterodimeric tran-
scription factor, hypoxia-inducible factor 1 (HIF-1) [40].
Expression of the a-subunit has been observed to correl-
ate with a poor prognosis, local recurrence and distant
metastases subsequently following irradiation. (reviewed
in [41]). In short however, the most characterized mech-
anism is that under normoxic conditions, the oxygen-
dependent degradation (ODD) domain is hydroxylated
and subsequently ubiquinated by prolyl hydroxylases
and pVHL-containing E3 ubiquitin ligase respectively,
leading to the degradation of HIF-1a. While, under hyp-
oxic conditions, HIF-1a is stabilized and activated, bind-
ing with HIF-1B, and the resulting HIF-1 protein binds
to the hypoxia-responsive element (HRE) inducing the
expression of genes leading to angiogenesis, invasion
and metastasis [41] (Figure 2).

Therefore, one possible model to explain hypoxic
cellular radioresistance is that vascular endothelial
growth factor (VEGF) expression is induced by the
activation of HIF-1. VEGF has been shown to protect
endothelial cells from the cytotoxic effects of radiation
allowing these vessels to supply oxygen and nutrients
to the tumor cells, promoting growth [42]. Alterna-
tively, hypoxia induces the upregulation of survivin in
tumor cells, a protein belonging to a family known to
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Figure 2 The interplay of the tumor microenvironment on radioresistance and glucose metabolism. Under normoxic conditions (insert)
HIF1a is targeted for degradation. The ODD domain is hydroxylated and ubiquinated by prolyl hydroxylases (purple triangle) and pVHL-containing E3
ubiquitin ligases (circle). However, under hypoxic conditions HIF1a is stabilized and activated by binding to HIF1(3 and the resulting dimer
binds to the HRE inducing the expression of genes leading to angiogenesis, such as VEGF and SDF1, invasion, metastasis, and glycolytic
transporters and enzymes (GLUT1). Furthermore, the cells use of the inefficient ATP producing glycolytic pathway may affect hypoxic and
normoxic radioresistance. Key intermediaries of the glycolytic pathway, glucose-6-phosphate, pyruvate, lactate, and the reducing couples
NAD(P)H/NAD(P)* and GSH/GSH-disulfide, have been observed to play roles in continuing the cycle of maintaining HIF1a. Glucose-6-phosphate can
either enter into the pentose phosphate pathway leading to the synthesis of erythrose-4-phosphate and ribose-5-phosphate which are necessary for
amino acid synthesis or can feed back into glycolysis and create lactate and pyruvate, which lead to HIF Ta accumulation continuing the cycle
of transcription. Alternatively, glucose-6-phosphate can also lead to the transcription of HIF1a by entering into the pathway which ultimately
leads to the nuclear translocation of CREB-binding protein (CBP) which binds with Mix leading to HIF1a transcription. Lactate and pyruvate
along with the reducing couples scavenge reactive oxygen species (ROS) free radicals which can also lead to radioresistance. It is still unclear
whether radiosensitizing drugs are necessary for carbon ions; however some experiments have shown that targeting specific crucial players of
the glycolytic pathway in combination with carbon ions leaded to enhanced cell kill. It may warrant targeting other important intermediaries
(ie. glucose-6-phosphate) with carbon ions to possibly enhance treatments. Black asterisks represent experimentally determined radiosensitization; blue

asterisks represent hypothesized radiosensitization targets.

inhibit apoptosis, and play crucial roles in this path-
way, as well as, cellular division. Reports have shown
that the expression of survivin correlates with the
radioresistance of pancreatic, colorectal and lung cancer
cells, and siRNA knockdown of this target enhanced ra-
diosensitivity [43]. These two models may work in con-
junction with each other since a copy of the HRE
element is present in the core promoter of survivin and
its expression has been shown to correlate with HIF-1«
expression [44-46].

The actual measurement of hypoxia in tumors has
proven to be difficult, and to date there is no single
standard method for its measurement. Popular methods
include pO, electrodes, immunohistochemical (IHC) de-
tection of injected drugs, the IHC detection of proteins
that are overexpressed in hypoxia, such as HIFla, and
imaging techniques involving hypoxic cell radiosensitizer
molecules via positron emission tomography (PET), and
magnetic resonance imaging (MRI) [47]. Certain meas-
urement modalities, like pO, electrodes, can only be
applied to superficial tumors such as melanoma or cervix

cancers due to the invasiveness of the procedure. How-
ever, these electrodes have been used invasively in non-
superficial tumors such as GBM [48-50].

Nordsmark et al. 2005 has shown that a high degree
of hypoxia (defined by the 2.5 mmHg pO, level) was sig-
nificantly linked to treatment failure in an overview of
397 head-and-neck cancer patients from seven centers
[51]. Cervix cancer has also been associated with
increased prognostic relevance of pO, and a pO, of
2.5-10 mmHg has been associated with decreased LC
[47,52]. In the case of glial brain tumors, hypoxia
imaging has been wrought with difficulties, with an
inability to distinguish whether nitroimidazole staining is
prognostic or merely indicative of tumor grade [53-55].

Thus, if we were able to identify the sets of patients
in whom hypoxia is responsible for radioresistance,
this could be exploited with carbon ion treatment,
and the possible addition of radiosensitizing agents.
Radiosensitivity and resistance are multi-factorial, and
a simple relationship between tumor hypoxia and radio-
resistance is unlikely. Solely measuring the oxygen
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concentration in the tumor is unlikely to help select
those tumors best suited for carbon ions; as the rela-
tionship between radioresistance and hypoxia is far
more likely to be a complex one not defined by this
one factor alone.

Cell cycle dependency and accelerated repopulation

The position of cells in the cell cycle has been shown to
be seminal in determining radiosensitivity [56]. Copious
literature exists illustrating that cells are most sensitive
to photon irradiation in the G2/M phases of the cell
cycle, and most resistant in late S phase [10]. This
increased radiosensitivity in G2/M appears to be related
to chromatin condensation and thus the effective repair
of DNA damage is less likely, due to the inability to
perform homologous recombination in the absence of a
complementary DNA strand [57]. Unlike low LET radi-
ation, the distribution of cells in the cell cycle has no
significant effects on radiosensitivity when employing
high LET radiation. However, preclinical studies have
suggested that S-phase specific radiosensitivity may exist
with high LET radiation [58]. If this observation holds
true, it would further bolster the argument that carbon ion
treatment can find a niche in low LET resistant tumors.

But, since carbon ions exhibit less cell cycle depend-
ency, this could potentially result in increased cell kill of
both slowly proliferating tumors and normal tissues,
which could decrease therapeutic gain. Conversely, the
ability to exploit molecular triggers for apoptosis in some
cell types (e.g. the ability to induce p53-independent apop-
tosis) could create a larger therapeutic window by taking
advantage of the superior dose depth distribution of
carbon ions, and decrease the impact of accelerated
repopulation in rapidly cycling tumors in the absence of
hyperfractionation [59].

At the beginning stages of treatment a majority of
tumor cells may lie quiescent, thereby being more radio-
resistant. As the tumor begins to shrink, the surviving
clonogens undergo accelerated repopulation, rapid
division, ultimately leading to local failure [60]. This
observation has prompted accelerated dose delivery,
using fractionation schemes that reduce the overall
treatment time to minimize the impact of repopulation.
Unlike low LET radiation, carbon ions, due to cell cycle
distribution independence, could overcome accelerated
repopulation without the need for accelerated treatment
regimens.

Tumor cell proliferation

The ability for tumors to proliferate can be expressed in
their potential doubling time (T},o), volume doubling time,
Ki-67 index, or presence of mitotic figures [10,61-63].
While rapidly cycling cells may be initially more respon-
sive to photon irradiation, long term, they are more likely
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to recur locally. The relationship between proliferation
rate and resistance to photon irradiation is particularly
strong in head and neck, and lung tumors [64].

Similarly, squamous cell carcinoma (SCC) of the head
and neck tends to exhibit rapid proliferation rates and
radioresistance with an elevated local recurrence rate
with photon irradiation. The possibility of accelerated
repopulation in between photon fractions due to their
new found access to oxygen, and their rapid proliferation
rate, has prompted manipulation of the fractionation
schedule for photon treatment with hyperfractionation
(i.e. accelerated hyperfraction and CHART). A study by
Fowler and Lindstrom found that with prolonged RT
there was a 12% average loss of LC per week [65]. The
disadvantages have been the organizational difficulties in
carrying out such schedules, as well as, the acute reac-
tions experienced by the patient. If a LC benefit becomes
realized with carbon ions, a carbon ion treatment sched-
ule would both offer improved outcomes and patient
convenience, and alleviate the need for hyperfractiona-
tion to counteract accelerated repopulation.

We have provided indirect evidence that carbon ion
RT may overcome low LET radioresistance, however it
is valuable to emphasize that the radiobiological factors
at work may differ from tumor to tumor, and even
among patients. Furthermore, in some tumors, resist-
ance to low LET irradiation could be secondary to com-
plex molecular switches some of which have yet to be
identified. Despite the radiobiological benefits of carbon
ions, the potential exists that their use may eliminate
the therapeutic gain between tumor and normal tissue
that may have historically been exploited using low LET
RT regimens. As a result, carbon ions should initially be
used in malignancies where using conventional photon
irradiation proves ineffective. The loss of therapeutic
gain can be offset by the decreasing amount of normal
tissue irradiated due to the superior depth dose distri-
bution of carbon ions.

Neo-radiobiologic factors: lack of response to

photons - beyond classical radiobiology

Having discussed the classical aspects of intrinsic radio-
resistance to low LET radiation, and how carbon ions
can be employed to exploit them, other factors such as,
the molecular aspects of tumor biology and its micro-
environment have recently become of interest. In fact,
these factors may even render some tumors radioresis-
tant above and beyond the classical contributors to
radioresistance. Some of the current interests include:
the presence of cancer stem cells (CSCs), the tumor
microenvironment, and metabolism. The presence of
adaptive radioresistance will also be discussed in this
context. It is our intention to show that these other
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factors may no longer confer radioresistance when treat-
ing with carbon ions.

Presence of stem cells

The discovery of CSCs and the discussion of a potential
hierarchical model, wherein only a subset of tumor cells
within the tumor bulk may possess the capacity to re-
generate have given rise to multiple avenues of research
aimed at the eradication of this cell population to improve
clinical outcome [66,67]. Incidentally, they have been
shown to be chemo- and radioresistant, as compared to
their well differentiated counterparts [10]. Additionally,
CSCs may be aiding in the maintenance of a tumor
microenvironment (a low pH, hypoxic and nutrient
deprived environment) increasing the likelihood of radio-
resistance to photons [10].

Solid tumors that have been shown to possess a CSC
subset consequentially include a significant proportion
of tumors previously identified as being radioresistant to
photon RT [68-73]. Interestingly, the very factors that
confer radioresistance in cancers cells (i.e. hypoxia and
nutrient deprivation) are the very same that promote the
growth of CSCs [74-76]. Moreover, it has also been
shown that treatment with low dose photons increases
the proportion of radioresistant stem cells (radioadaptive
resistance) [77,78]. Repopulation, as one would poten-
tially expect to occur with photon irradiation, has also
been shown to increase the presence of the radioresis-
tant CSC population.

The use of carbon ions could theoretically overcome
the radioresistance of CSCs due to the higher RBE and
increased LET, and cytotoxic effects of carbon that are
independent of hypoxia. Bao et al. showed that the frac-
tion of CSCs in glioma in fact increased after the admin-
istration of photon RT [73]. Additionally, this population
showed a survival advantage compared to the non-CSCs.
Subsequently, they found that the observed radioresis-
tance was related to the DNA damage response, where
CSCs were more readily able to repair DNA damage as
compared to their non-CSC counterparts. Again, this
represents a scenario where the use of carbon ions could
potentially eliminate radioresistance as the formation of
clustered damage is less amenable to repair.

Masunaga et al., showed that a pimonidazole-unlabelled
subfraction of quiescent tumor cells, considered the clos-
est representative subpopulation to CSCs, may be a critical
target in tumor control [76]. Treatment with carbon ions
were shown to decrease the difference in radiosensitivity
between quiescent and non-quiescent cells, as well as,
hypoxic and normoxic cells.

Tumor markers such as, CD133 and CD44, and other
assays (e.g. side population assay) are being used to iden-
tify subpopulations of CSCs. However, these methods
are laden with challenges, as there is no standard CSC
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marker [79-81]. Also, certain non-CSCs may contain
some or all of the CSCs characteristics. If a consensual
agreement of CSC identification can be achieved, it can
be incorporated into the decision to use carbon ion ther-
apy. A significant therapeutic benefit could be elicited
when using carbon ions in patients shown to harbor a
large subpopulation of CSCs.

Tumor microenvironment and metabolism

The interplay between tumor metabolism and micro-
environment play a critical part in establishing the radio-
resistant phenotype by working in conjunction with, or
even affecting the classical and neo-radiobiologic factors.
Understanding and characterizing the tumor microenvir-
onment has recently become quite popular, as it is postu-
lated to play a large role in tumor invasiveness, metastasis,
maintenance, and recovery of the tumor bulk and blood
supply [82,83].

The microvasculature response to irradiation varies
over the range of doses given, and with current standard
fractionation schedules (1.5 to 2 Gy per fraction) the
effect on the microenvironment may be having the
opposite effect than desired. With current fractionated
radiotherapy, the microenvironment, especially the mi-
crovasculature is protected by the action of HIF-1. HIF-1
is also responsible for vascular protection, reestablishment
of tumor blood and nutrient supply, and post-irradiation
recurrence [40]. It also has been shown clinically, in
various cancers that may benefit from carbon ion RT, to
correlate with poor LC and increased mortality [84-86].
Upregulation of HIF-1 induces the tumor cell to produce
VEGE amongst other proangiogenic factors, inducing
angiogenesis and vasculogenesis, along with other cellular
mechanisms, that protect the microenvironment from
radiation-induced endothelial apoptosis [87].

In addition to the secretion of VEGE, the secretion of
stromal-derived factor 1 (SDF1) is upregulated. Combined
VEGF and SDF1 result in the recruitment of bone
marrow-derived cells that promote neovascularization
and stimulate the regrowth and survival of tumor cells
[88,89]. Further evidence suggests that carbon ion RT
may suppress the production of x-ray induced angio-
genesis mediators, and in doing so increases radiosen-
sitivity [90].

With further exploration of this relationship, signifi-
cant benefit in other cancers that have shown a similar
relationship to angiogenesis and response to anti-VEGF
therapy, such as gliomas, could prove worthwhile. It
seems logical that tumors with high HIF-1 expression
may see markedly increased radiosensitivity. Notably,
however, not all tumor types express HIF-1a, therefore,
inhibition of HIF-1 may be more effective if combined
with carbon ion therapy imparting lasting deterioration
of the microvasculature, affecting many critical pathways
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(e.g. angiogenesis, neovasculogenesis, and glucose me-
tabolism) downstream, possibly resulting in enhanced
patient outcomes.

Glucose metabolism

A hallmark of cancer cells is the high rate of glucose
consumption and lactate production regardless of oxygen
tension, known as the Warburg effect [91,92]. Under
aerobic conditions normal cells generate energy (ATP)
by processing glucose both through glycolysis (ineffi-
cient) and mitochondrial oxidation (more efficient).
However, hypoxia decreases the rate of mitochondrial
oxidation causing the activation of a glycolytic switch
causing tumor cells to produce energy using glycolysis,
a process known as the Pasteur Effect or anaerobic
glycolysis [93,94].

It is interesting that tumor cells use the less efficient
glycolytic pathway for energy production regardless of
oxygen tension; however, this pathway actually serves
multiple purposes that enable tumor growth and prolif-
eration (Figure 2). Various hypotheses exist as to why
this phenomenon exists, with two revolving around the
mitochondria. One hypothesis is that the cell actively
tries to avoid the mitochondria for its survival, as it is
the organelle responsible for initiating apoptosis through
various cascades of caspases. The second: tumor cells
have damaged and permeable mitochondrial membranes
that reduce the efficiency of mitochondrial oxidative
phosphorylation (reviewed in [95]).

Additionally, the glycolytic products lactate and pyru-
vate induce HIF-1a accumulation, which in turn initiate
the transcription of transporters and enzymes that regu-
late glycolysis and the pentose phosphate pathway [40].
Furthermore, glucose-6-phosphate is incorporated in the
pentose phosphate pathway. This pathway is responsible
for synthesizing precursor macromolecules necessary for
tumor growth and proliferation [40]. When cells do not
need these macromolecules, the intermediates of the
pentose phosphate pathway, fructose-6-phosphate and
glyceraldehyde-3-phosphate, are recycled back into gly-
colysis to produce pyruvate and lactate, ergo continuing
the cycle.

Tumor cells face direct and indirect mechanisms of
damage from radiotherapy, notably the indirect action of
radiation-induced radicals and oxidative stress. To coun-
ter these, cells upregulate their endogenous antioxidant
capacity by accumulating the glycolysis metabolism
products: pyruvate, lactate, and the redox couples gluta-
thione (GSH)/glutathione disulfide and NAD(P)H/NAD
(P)+, which work as a buffer network that scavenges free
radicals and reactive oxygen species [96-99]. Moreover,
tumor glucose metabolism is involved in the synthesis of
these reducing species, which protects DNA from free
radical-mediated damage [96]. As carbon ions induce
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direct action on DNA, and do not produce radicals and
oxidative stress, the concentration of glycolytic products
would decrease, theoretically reducing radioresistance.

The targeting of tumor glucose metabolism has been
shown to be an effective means of overcoming radiore-
sistance in many tumor histologies [100-102]. Disrupting
lactate efflux via monocarboxylate transporter (MCT)
inhibition has been shown to enhance radiosensitivity in
human glioma cells. Gliomas are highly glycolytic produ-
cing large amounts of lactate; when lactate efflux was
blocked by a-cyano-4-hydroxycinnamic acid (ACCA)
the levels of intracellular lactate and GSH decreased,
and enhanced radiosensitivity [100].

Intriguingly, targeting GSH itself has also been shown to
enhance radiosensitivity, however, only when combined
with carbon ion therapy. Depleting GSH via combined
dimethylfumarate and L-buthionine sulfoximine and
carbon ion, prevented the transmission of chromosomal
aberrations (complex rearrangements, chromosome breaks
and losses) in the head and neck SCC cell lines SQ20B and
SCC61, which are radio-resistant and -sensitive respectively
[103]. This phenomenon was not seen in cells irradiated
with X-rays. GSH depletion with carbon ion therapy may
give a considerable survival advantage to the patient as this
therapy appears to minimize genomic instability and may
enhance LC.

Iron metabolism
Iron metabolism through the dysregulation of the Iron
Regulatory Protein (IRP) 1-mediated pathway has re-
cently been shown to induce radioresistance in HL60
human myeloid leukemia cells to low LET, specifically
y-radiation [104]. Iron is one of the most reactive metals
in cells, and is incorporated by a plethora of enzymes as
a co-factor. Due to the high reactivity, iron is able to
undergo Fenton and Haber-Weiss reactions with hydro-
gen peroxide yielding ferric iron (Fe®*), hydroxide, and
the highly damaging hydroxyl radical (‘OH) [105,106].
To prevent these reactions from taking place, mamma-
lian cells have evolved to develop a rapid response iron se-
questration system mediated primarily through IRP1 and
2 [107]. An increasing body of evidence points towards
the association between radioresistance and substantially
reduced protein oxidation immediately following irradi-
ation in lower organisms. Through the knockdown of
IRP1 via short-hairpin RNA, Haro et al. found that human
myeloid leukemia cells were more resistant to low LET
radiation [104]. Furthermore, knockdown of IRP1 led to
more rapid DNA DSB repair and reduced protein oxida-
tion, thus the claim can be made that control of intracellu-
lar iron could be a novel radioresistance mechanism [104].
Interestingly however, when these same cells were
subjected to high LET radiation (a-particles), their clo-
nogenic survival and overall radiosensitivity remained
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unaffected. This may be partly explained by the com-
plexity of DNA damage that high LET radiation directly
imparts. Additionally, cells have been observed to have
become increasingly less dependent on apoptosis in
overall cell death [10].

Cumulatively, these data can be used as positive support
for treating malignancies with carbon ions, and it is evident
that tumor metabolism and the tumor microenvironment
are critical players in conferring the resistant phenotype; yet
more studies need to be done to fully understand the
interplay between the aberrant tumor metabolism and
microenvironment, and their impact on the mecha-
nisms of radioresistance. Furthermore, it is still unclear
whether radiosensitizers are necessary for enhanced
patient benefit with carbon ion therapy. Some evidence
appears to be indicating that targeting the tumor me-
tabolism and/or microenvironment with inhibitors
could augment cancer cell death, leading to the hypoth-
esis that their effect may be augmented when combined
with the high LET carbon ion beam.

Anatomical factors

The presence of significant sensitive structures adjacent
to the tumor mass can play a substantial role in selecting
appropriate treatment modalities. Anatomy can be the
limiting factor in both surgical resection and irradiation
due to the potential for sequelae and morbidity. Typical
anatomic constraints are: 1) the presence of nerves adja-
cent to the tumor whose integrity could be
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compromised as a result of surgery or radiation, 2) the
inability to resect the tumor with negative margins
while preserving important structures, and 3) the inabil-
ity to radiate to a curative dose without overdosing the
organs at risk in the field, undermining the dose that
can be safely prescribed to the tumor.

While intensity-modulated radiation therapy (IMRT)
can often accomplish sparing of adjacent structures using
low LET irradiation, it is associated with a much higher
integral dose. As carbon ions exhibit a Bragg peak, they
enable the delivery of radiation to the tumor while
decreasing the dose delivered to adjacent organs at risk.
Moreover, carbon ions have a decreased lateral penum-
bra, thus enabling better dose accuracy (Figure 3). Con-
sequently, a number of clinical trials have been carried
out with tumors in areas with anatomic constraints
(Reviewed in [21,108]) (Table 1).

Intracranial tumors

Two of the most common intracranial tumors that have
received attention for carbon ion RT are gliomas and
meningiomas. Gliomas, the most common form of pri-
mary brain cancers, account for nearly 51% of all central
nervous system tumors [109]. GBM, a WHO Grade IV
glioma, has a median OS of approximately nine months
and has characteristically been described as radioresis-
tant [109-112]. Typically, maximal safe resection is first-
line therapy, yet often it can be difficult due to various
factors, such as the location of the tumor relative to

Carbon
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Figure 3 Anatomical constraints can be overcome with carbon ions for various histologies. Comparing the same histologies at different
sites which have anatomical constraints such as glioblastoma multiforme (intracranial), lung (thoracic region), and rectal carcinoma (abdominal/
pelvic) using treatment planning software for photons, protons and carbon it is evident that implementing carbon ions gives better biological

dosage to the target area (tumor) while limiting treatment to surrounding healthy tissue. Adapted with permission from [169-172].
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Table 1 Effectiveness comparison for various histologies by anatomical location between Standard of Care (SOC) and

Carbon lons

Site No. of carbon ion studies 5-year LC range Toxicity range (late > GlII injury) References
SOC Carbon SOC Carbon
Intracranial
Glioma 2 < 20% - Location dependent - Trials ongoing®"
Meningioma 2 80-90% - Location dependent - Trials ongoing®*
Head and Neck
Adenoid cystic 3 27-72% 26-96% 0-12.9% 0-17% [141,142]
Bone/soft tissue sarcoma 2 43-70% 24-73% 0% 2-18.5% [20,140,143-147]
Skull base 3 46-73% 82-88% 0-7% 0-5% [117-121,148]
Thorax
NSCLC 4 80-97% 90-95% 0-15% 3% (pneumonitis) [21,149]
Abdomen and Pelvis
HCC 4 75-96% 81-96% 7-22% 3-4% [21,130-133,150]
Pancreas 2 10-20% 66-100% 1.8-20% 7.7% [136,151-153]
Prostate 2 80-95%**  87-99%* 4-28% 0.1-25% [21,24,154-159]
Rectal cancer 1 24-28% 95% 14-27% - [21,160-162]
Cervix cancer 1 20% 53% 0-106 9.6-18.2% [163-165]
Sacral chordoma 1 55-72% 88% 17.6% 5.9%-17.9% [166-168]
Chondrosarcoma 1 20-40% 60% - - [167,168]

Abbreviations: SOC Standard of Care, LC Local Control, HCC Hepatocellular carcinoma, GlIl Grade Il toxicity, *OS (Overall survival); **bPFS (biochemical progression
free survival); SCLEOPATRA (NCT01165671); TCINDERELLA (NCT01166308); *MARCIE (NCT01166321).

critical structures (i.e. optic chiasm, white matter tracts,
ventricles, motor and lingual cortices etc.). Meningiomas
are generally less aggressive, however, can have a very
high recurrence rate, depending on the subtype, when
treated with surgical resection alone; depending on their
location resection may be impossible. Proximity of the
tumor or tumor bed to the chiasm, optic nerves, or
brainstem can make the administration of doses = 54 Gy
difficult as the dose tolerance to the chiasm and optic
nerves is 56 Gy, and the dose tolerance to the brain stem
is 54-60 Gy [113].

In both cases, sparing adjacent noninvolved brain is
also a concern in terms of late toxicity and secondary
malignancy, especially in younger patients with a more
favorable prognosis. And despite the administration of
curative intent doses to gliomas, these almost inevitably
recur, usually on the order of up to two centimeters
from the initial resection cavity [114,115]. For meningi-
omas especially, those tumors are adjacent to the skull
base or are in close proximity to cranial nerves, thus
rendering resection and RT challenging. The superior
RBE of carbon ions and the ability to dose escalate while
sparing organs at risk in the field may improve the prog-
nosis of glioma patients while sparing toxicity for pa-
tients with a more favorable prognosis (i.e. meningioma).

Carbon ion treatment of these malignancies is the
subject of multiple ongoing clinical trials (Table 1). For
the treatment of glioma, when rationalizing the use of
carbon ions, the emphasis is placed on improvement in
LC, whereas, in the case of meningioma, LC can be ob-
tained with conventional photon treatment. The emphasis
here is placed on minimizing toxicity, an important
consideration in discussing the design of future clinical
trials (discussed below).

Head/neck and thorax tumors

Tumors of the head and neck, orbit, skull base, or upper
cervical spine present a therapeutic challenge to both
surgeons and radiation oncologists due to their proxim-
ity to the oral cavity, pharynx, larynx, paranasal sinuses
and nasal cavity, and salivary glands, as well as the cra-
nial nerves and the brain stem. For a great proportion of
these tumors, the extent of resection correlates with the
likelihood of LC and outcome. The lowest dose limiting
structure in this area is likely the eye lens, however;
since cataract surgery has become increasingly common,
it is likely that the salivary gland with a mean dose of
26 Gy for 20% risk of salivary dysfunction and xeros-
tomia would be the lowest limiting dose that has the
largest clinical impact [113].
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While xerostomia is detrimental to quality of life and
dentition, the brain stem and the spinal cord with the
risk of developing long term sequelae can present
significantly higher challenges to treating tumors with
curative doses in this area. This is especially true for
chordomas and chondrosarcomas that are in close
proximity to the spinal cord. Chordomas are usually
slow-growing, low-grade malignancies that can arise from
the sacrum (50-60% of cases), skull base (25-35%),
cervical vertebrae (~10%), and throacolumbar vertebrae
(5% of cases) [116]. Regardless, surgery remains the pri-
mary modality for the treatment of chordomas, however
due to the closeness of critical structures as mentioned
above, it is often difficult to achieve. Radiation too is prob-
lematic, as a result of dose constraints.

A dose of 50 Gy to the spinal cord carries a 0.2%
chance of myelopathy, whereas a dose of 60 Gy carries
as 6% chance [113]. For the brain stem, a dose of less
than 59 Gy to any 1 to 10 cc volume reduces the risk of
neuropathy or necrosis to < 5% [113]. Generally, doses in
the range of 60 to 70 Gy, are required to eradicate the
gross disease in most malignant tumors with the excep-
tion of lymphoma. This dose can be difficult to adminis-
ter safely to sites adjacent to the spinal cord or brain
stem (e.g. chordoma, chondrosarcoma, bone and soft
tissue sarcomas of the head and neck, and other locally
advanced head and neck or spinal tumors not amenable
to resection with negative margins). The sharp lateral fall
off of carbon ions can help spare these structures, and
may enable the administration of a higher dose to the
tumor, thus improving LC. An improvement in LC has
been observed in adenoid cystic carcinoma, bone and
soft tissue sarcoma, and skull base and upper cervical
tumors. A similar or better toxicity profile, as compared
to, proton or photon treatment has also been shown in
these sites (Table 1).

Achievement of wide negative margins appears to be
correlated with the rate of local recurrence and survival,
with recurrence rates near 70% when negative margins
are not achieved [116]. For skull base and upper cervical
spine tumors treated at NIRS, patients had a 5-year LC
and survival rate above 80% with 5% of patients experi-
encing > Grade III toxicity in one study, and no patients
experiencing Grade III toxicity in two other studies
[117,118]. Not only did carbon ion treatment provide a
similar or superior toxicity profile for chordomas, it also
showed superior 5 and 10 year LC as compared to pro-
ton or proton/photon treatment [119-121] (Table 1).

Tumors originating from the thorax can be difficult to
resect with negative margins. Furthermore, they can also
be difficult to radiate due to lung and heart dose con-
straints. Meeting lung constraints can be achieved with
using the field in field technique or IMRT; however, with
both of these techniques, the mean lung dose often
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exceeds 14-15 Gy, increasing the likelihood of pneumon-
itis to > 15%. Additionally, it is often difficult to meet the
traditional dose constraint of V20 < 30% (volume receiving
20 Gy to represent less than 30% of the total lung volume)
[113]. The traditional dose constraint to the heart is V30
<46% for < 15% risk of incurring pericarditis, however, the
constraint for long term cardiac mortality, V25 < 10% for
1% risk of cardiac mortality is rarely ever achieved when
attempting to treat to curative doses in the thorax [113].

In unresectable Stage I and II lung cancer, definitive
radiation is an established treatment option, and while
LC may be quite good (upwards of 85%), OS remains
poor. SBRT is an increasingly common method to treat
unresectable Stage I and II lung cancer, and has im-
proved both the coverage of the tumor, as well as, de-
creased toxicity [122,123]. In larger tumors or those in
close proximity to the mediastinum, SBRT is often not
possible to perform; it is these patients that may benefit
from carbon ion treatment [124-126]. Stage I patients
with tumors >3 c¢m (T2) have been treated with carbon
ions and found that carbon provided superior dose dis-
tribution while treating less normal tissue, and the rate of
radiation pneumonitis was 3% (Table 1). Higher toxicity
was observed in patients treated prior to 2006 when only
1 to 2 portals were used in treatment.

Abdominal and pelvic sites

Hepatocellular carcinoma (HCC) is the third leading
cause of cancer mortality worldwide and accounts for
nearly 90% of primary liver cancers in the United States
[127]. The resection of HCC tumors is a major proced-
ure, especially in high-risk patients, with post-operative
death rates between 5 and 20% [128,129]. The prognosis
and outcome of HCC is generally poor, with only 10 to
20% of HCC tumors able to be successfully resected with
wide negative margins; the 5-year survival rate is close
to only 15% [21].

Traditionally, the treatment of liver tumors with exter-
nal beam RT has been limited by the dose constraint to
the liver, with a mean dose of 30 to 32 Gy for a < 5% risk
of development of radiation induced liver dysfunction
(RILD). This is often problematic as the capacity of the
liver to tolerate radiation in these patients may be
undermined by significant liver impairment prior to
the administration of RT. Currently, with the exception
of radiofrequency ablation; the administration of RT
remains largely a palliative modality as curative doses
cannot be administered. Some evidence suggests that
localized tumors >5 c¢cm may benefit from carbon ion
RT [130]. Four studies have investigated the adminis-
tration of carbon ion treatment for HCC (Table 1) with
promising results [21,131-133].

Pancreatic cancer is the fourth leading cause of cancer
mortality in the United States, with a 5-year OS rate of
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at most 5% [134]. Resection for ductal pancreatic adeno-
carcinoma, the most frequent pancreatic malignancy,
offers the only curative hope for patients and gives a sig-
nificantly improved prognosis of 14 to 20 months, and a
25% 5-year survival rate [135]. Yet, the prognoses for
pancreatic cancer remain poor for unresectable tumors,
with median survival around 4 to 8 months [134]. RT to
this area with curative intent is not possible due to
doses to organs at risk in the field which include liver
(discussed above), small bowel (with general dose con-
straint: max point dose of 45 Gy or QUANTEC dose
constraints of V15 <120 cc and V45 < 195 cc for a 10%
risk of > Grade III toxicity), and stomach (D100% < 45 Gy
for risk of ulceration of 7%). Typically, however, the field
that would have to be treated postoperatively is exceed-
ingly large that the administration of even microscopic
disease doses is often difficult.

The superior depth dose distribution of carbon ions
makes this modality attractive for pancreatic cancer
from an anatomical perspective, while the superior RBE
may make response even more likely in selected patients.
Carbon ions have been employed both pre- and postop-
eratively with favorable toxicity profiles [136,137]. The
combination of carbon ion treatment with Capacitabine
chemotherapy is the subject of ongoing clinical trials
PHOENIX (NCTO01795274), as well as, treatment vol-
umes and movement management (KFO 214).

If the standard treatment for rectal cancers, concur-
rent chemo-radiation followed by surgical resection, is
done, postoperative pelvic recurrences are rare. Yet, if
only surgical resection is done the incidence of recur-
rence is still around 5 to 20% [21]. The curative intent
option for the management of a pelvic recurrence is
often a total pelvic exenteration. This surgery is highly
invasive and dramatically decreases the patient’s quality
of life. The resection rate for locally recurrent colorectal
cancers has been reported to be between 3% and 30%;
with a majority of these patients ineligible for resection
they are subsequently referred for RT [138]. The dose to
the cord, small bowel (discussed above), and kidneys (mean
<15-18 Gy for <5% clinical dysfunction,) in addition to,
the need to achieve as much sparing as possible of at least
one of the kidneys makes the administration of RT chal-
lenging. Here again the superior depth dose distribution
of carbon ions may make curative intent treatment or
even retreatment possible. The treatment of recurrent
rectal cancer with carbon ion is the subject of one trial
(Table 1), which reports very good LC (upwards of 95%);
however, toxicity results are scant and long term results are
not yet available. However, it is the subject of an ongoing
clinical trial aimed at determining the optimal dose and
PES, as part of the phase II component of the trial [139].

When taking into account the anatomic barriers in
administrating RT, some of the dose constraints have, at
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least partially, been overcome by IMRT, SBRT, or proton
treatment. With the exception of proton treatment, the
integral dose with these techniques is higher as com-
pared to conventional plans. Both anatomic and integral
dose constraints may have been overcome further by
proton treatment. This however, does not have the bene-
fit of a superior RBE. We feel that the majority of the
sites discussed here with significant anatomical con-
straints, would fare well with continued exploration of
carbon ion treatment due to: (1) superior depth dose
distribution which it shares with protons, and (2) a
superior RBE which may significantly improve tumor
control. Long term clinical data will be necessary to
make a complete assessment of optimal histologies; and
short and long term toxicities, as well as, optimal dose/
fractionation schemes will be necessary. Accrual of these
data is the subject of ongoing trials (Table 1).

Future clinical trial design

Currently, clinical trial design is based on the assump-
tion that the same biologic effective dose is administered
in the photon, proton and carbon ion arms. Additional
knowledge of how to equate these doses is necessary,
breaking away from the traditional referencing to photon
doses. To help improve understanding and clinical trial
design knowledge of the responses of various histologies,
in addition to, early and late responding normal tissues
to different radiation particles over a range of doses
needs to be increased.

It is imperative to look at differences in RBE and tissue
type in order to create the best therapeutic ratio. The re-
sponse in cells and tissues are likely to be different, and
certainly tissue dependent when administering large
doses of carbon ion therapy, as compared to the trad-
itional photon therapy fractionation 1.8 to 2.0 Gy/fraction.
These differences may translate into different degrees of
damage in the vascular structures of late responding
normal tissue or, ideally, in the tumor stroma and tissue.
Future clinical trial design should be aimed at exploiting
the differences in radiosensitivity between cells radiore-
sistant to low LET RT and sensitive to carbon ion RT to
enable (1) adequate selection of histologies, and (2)
adequate selection of patients most likely to benefit
from this modality based on biomarkers and imaging.

Clinical trial design involving carbon ion therapy should
proceed as one would if involved in any other therapeutic
intervention along phase I trials, proceeding into phase II,
and subsequently phase III, understanding that this logical
progression may at times require the combination of
phases to advance the field. Phase I trials have occurred in
a significant proportion of the tumors discussed in this
paper [21,140]. The selection of patients and tumor his-
tologies should ideally occur along the lines describes
in Figure 4, recognizing that none of the measures,
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1. Based on existing radiobiological evidence what is the level of radioresistance that the tumor histology exhibits to
low LET irradiation (combining factors discussed below)?
] 1 2 3

— 1 t :
radiosensitive Intermediate or varies depending on interpretation of evidence radioresistant

a.  Hypoxialevel and correlation thereof with radioresistance to low LET irradiation

0 1 2 3
f T . |
low Intermediate or varies deper{ldmg on source of evidence high
a.  «/p ratio and correlation thereof with radioresistance to low LET irradiation
: 0 1 2 3 ;
high ' ; : ! e I low .
Intermediate or varies depending on source of evidence
a.  Tumor proliferation rate and correlation thereof with radioresistance to low LET irradiation
} 0 1 2 3 |
high I I low

Intermediate or varies depending on source of evidence
2.  When treating with low LET irradiation using the current SOC, what is the likelihood of grade 3-4 toxicity?
0 1 2 3
E
% < 100 . I . - . ]
it Intermediate or varies depending on source of evidence

=30%

3. The patient has reasonable curative intent treatment options available that have produced an improvement in
PFS or OS (*omit peint 3 in phase III trials once benefit has been established)

Favors later inclusion into trials Favors early inclusioninto phase /Il tmals

Figure 4 Grading scale of histologies to warrant carbon ion exploration in future clinical trials. Grading scale that should be used to
select patients and tumor histologies to determine inclusion earlier or later in clinical trials.

\

whether hypoxia, o/ ratio, or tumor proliferation, may therapy should be incorporated into the decision algo-
be fully reflective of the tumor microenvironment and  rithm once available. A cumulative score (Figure 4) of =25
true radiosensitivity of the tumor. would essentially describe a tumor radioresistant to low

The addition of tumor biomarkers, that are as yet LET irradiation, with the standard of care (SOC) treat-
unidentified, that may predict response to carbon ion ment causing significant toxicity. It would also include

N

Superior dose depth
distribution

Cost of facilities construction

and operation Physical beam characteristics
-Higher LET
-Superior RBE
iobi i 0 -Low OER
Rad'?bmlo_g'cal Considerations -Narrow penumbra
Considerations f
or
- Hypoxia implementing Relationship to critical
- ofp ratio )
- Metabolism new carbon ion Structures
) géroenvironment thefapv - Dose limitations
N 5 apass - Toxici
facilities ORI

P
Therapeutic gain for #

specific histologies Patient convenience

- Local Control and survival
- Historical responsiveness to current
radiotherapy Dosage and

treatment planning

Figure 5 Considerations for the implementation of new carbon ion facilities. \When beginning the process for proposing the construction
of new carbon ion facilities, the decision is multi-factorial and a range of considerations must be considered, from patients, to treatments, to cost.
Carbon ion RT is an exciting new field, however, in its infancy, and needs to be implemented with caution only when there is a sound knowledge
base of its understanding.
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patients who have no curative options available. Tumor
histologies and patients with a score of 0—1 derive sig-
nificant benefit from current SOC, and thus would only
become candidates for trials with carbon ion tech-
nology once significant OS or PES benefit has been ob-
tained in randomized trials, when compared to current
SOC (i.e. once benefit is seen over and above that with
low LET radiation in randomized trials, the technol-
ogy may then be extrapolated to additional sites that
already do well with current SOC in the hope of
deriving additional benefit or decreasing toxicity).

To a great extent, the currently available phase I/1I tri-
als follow these guidelines. Once promising results have
been obtained, as is currently the case for a number of
sites, phase II trials can be advanced to randomized
phase III trials where carbon ion treatment should be
compared with current SOC for that histology or site.
An additional arm could explore the addition of a sys-
temic, concurrently administered, agent with carbon,
when the same agent is part of SOC when using low
LET irradiation.

A significant concern in proceeding with the compari-
son to current SOC is the problem of the carbon ion
RBE, and its comparison to the RBE of low LET radi-
ation. It is likely that further preclinical and clinical data
are required before a sound comparison can be made.
Although this describes the ideal way to introduce carbon
ion technology into SOC, it is unlikely that the natural
progression of phase III trials will occur this way, as equi-
poise may have been disturbed sufficiently prior to their
introduction, thus making the acquisition of patients in
such protocols unrealisticc. However, since carbon ion
technology is expensive, and as a result difficult to acquire,
stringent control can be exercised thus ensuring that
patients will not be treated outside of established proto-
cols in order to advance the field and improve patient
outcomes.

Conclusions

In summary, carbon ion therapy is recommended for
tumors, some of which are described here, that are
radioresistant and/or located close to critical structures.
The use of carbon ion therapy is sensible, when the
advantages of using carbon ions outweigh the thera-
peutic advantages that can already be obtained with
fractionated photon RT. Future clinical trials should be
aimed at the comparison of photon, proton and carbon
ion treatment in conjunction with the identification of
molecular biomarkers of hypoxia, and metabolism, in
an effort to achieve optimal patient selection (Figure 5).
With the dawn of personalized medicine, those tumors
that have traditionally responded well to other radiation
species should continue to be treated with those spe-
cies, while the rare or non-responsive malignancies
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should be treated with carbon ions in a patient specific
manner. Furthermore, the expansion of carbon ion
treatment facilities should be undertaken in the United
States.

Disclaimer

The views expressed in this article are those of the
author and do not necessarily reflect the official policy or
position of the Department of the Navy, Army or Air Force,
the Department of Defense, nor the U.S. Government.

Abbreviations

LET: Linear energy transfer; LC: Local control; RT: Radiation therapy;

HILAC: Heavy lon Linear Accelerator; HIMAC: Heavy lon Medical Accelerator;
WRNMMC: Walter Reed National Military Medical Center; HIT: Heidelberg
lon-Beam Therapy Center; RBE: relative biological effectiveness; SLDR: sub-lethal
damage repair; LQ: Linear quadratic; SF2: Survival fraction at 2 Gy; OS: Overall
survival; OER: Oxygen enhancement ratio; ODD: Oxygen dependent
degradation domain; HIF: Hypoxia inducible factor; HRE: Hypoxia response
element; VEGF: Vascular endothelial growth factor; IHC: Immunohistochemistry;
MRI: Magnetic resonance imaging; PET: Positron emission tomography;

GBM: Glioblastoma multiforme; DNA: Deoxyribonucleic acid; T, potential
doubling time; SCC: Squamous cell carcinoma; CSC: Cancer stem cell;

SDF1: Stromal derived factor-1; MCT: Monocarboyxlate transporter; ACCA: a-
cyano-4-hydroxycinnamic acid; GSH: Glutathione; IRP: Iron regulatory protein;
IMRT: Intensity-modulated radiation therapy; NIRS: National Institute of
Radiological Sciences; SBRT: Stereotactic body radiation therapy; RILD: Radiation
induced liver dysfunction; HCC: Hepatocellular carcinoma; PFS: Progression free
survival; SOC: Standard of care.

Competing interests
All authors have no competing interests to declare.

Authors’ contributions

CDS analyzed and interpreted the data; carried out the writing of the
manuscript and figure preparation. AK made substantial contribution in the
conception, analysis and interpretation of the data, as well as writing of the
manuscript and figure preparation. AB assisted in the drafting of the
manuscript. JJO'C assisted in the drafting of the manuscript. KAC provided
general supervision and assisted in the design, analysis and writing of the
manuscript and figure preparation. All authors read and approved the final
manuscript.

Acknowledgements

We would like to thank BodyParts3D, The Database Center for Life Science,
Japan Copyright© 2010 for the skeletal model and Peppe Cirotti from the
Universidad de Costa Rica for the conversion of the skeletal model to
Blender for its use in Figure 3. This research was supported [in part] by the
Intramural Research Program of the NIH, NCI.

Author details

'Radiation Oncology Branch, National Cancer Institute, 10 Center Drive
Magnuson Clinical Center Room B3B100, Bethesda, MD 20892, USA.
“Radiation Oncology Service, Walter Reed National Military Medical Center,
Proton Beam Program, Building 19- Room B105, 8901 Wisconsin Avenue
Bethesda, MD 20889, USA. *The John P Murtha Cancer Center, Walter Reed
National Military Medical Center, Bethesda, MD, USA.

Received: 4 November 2013 Accepted: 16 March 2014
Published: 28 March 2014

References

1. Slater J: From X-Rays to lon Beams: A Short History of Radiation Therapy.
lon Beam Therapy: Fundamentals, Technology, Clinical Applications 2012,
320:3-16.

2. Hadron Therapy Patient Statistics (data recieved from centers per end of March 2013).
httpy//ptcog.web.psich/Archive/pat_statistics/Patientstatistics-updateMar2013pdf.



Schlaff et al. Radiation Oncology 2014, 9:88
http://www.ro-journal.com/content/9/1/88

20.

21.

22.

23.

24.

25.

Alonso JR: Accelerators for America's Future Workshop: Medicine and
Biology. Health Phys 2012, 103:667-673.

Peeters A, Grutters JP, Pijls-Johannesma M, Reimoser S, De Ruysscher D,
Severens JL, Joore MA, Lambin P: How costly is particle therapy? Cost
analysis of external beam radiotherapy with carbon-ions, protons and
photons. Radiother Oncol 2010, 95:45-53.

Pijls-Johannesma M, Pommier P, Lievens Y: Cost-effectiveness of
particle therapy: current evidence and future needs. Radiother Oncol
2008, 89:127-134.

Lievens Y, Pijls-Johannesma M: Health economic controversy and cost-
effectiveness of proton therapy. Semin Radiat Oncol 2013, 23:134-141.
Grutters JP, Pijls-Johannesma M, Ruysscher DD, Peeters A, Reimoser S,
Severens JL, Lambin P, Joore MA: The cost-effectiveness of particle
therapy in non-small cell lung cancer: exploring decision uncertainty
and areas for future research. Cancer Treat Rev 2010, 36:468-476.
Workshop on lon Beam Therapy. In Joint DOE-NCI Workshop on lon Beam Therapy.
Bethesda, MD; 2013. httpr//science.energy.gov/~/media/hep/pdf/accelerator-rd-
stewardship/Workshop_on_loxn_Beam_Therapy_Report_Final_R1.pdf.

Fokas E, Kraft G, An H, Engenhart-Cabillic R: lon beam radiobiology and cancer:
time to update ourselves. Biochimica et biophysica acta 2009, 1796:216-229.
Hall EJ, Giaccia AJ: Radiobiology for the radiologist. 7th edition. Philadelphia:
Wolters Kluwer Health/Lippincott Williams & Wilkins; 2012.

Lee SP, Leu MY, Smathers JB, McBride WH, Parker RG, Withers HR: Biologically
effective dose distribution based on the linear quadratic model and its
clinical relevance. Int J Radiat Oncol Biol Phys 1995, 33:375-389.

Withers HR, Thames HD Jr, Peters LJ: A new isoeffect curve for change in
dose per fraction. Radiother Oncol 1983, 1:187-191.

Fowler JF: Review: total doses in fractionated radiotherapy-implications
of new radiobiological data. Int J Radiat Biol Relat Stud Phys Chem Med
1984, 46:103-120.

Williams MV, Denekamp J, Fowler JF: A review of alpha/beta ratios for
experimental tumors: implications for clinical studies of altered
fractionation. Int J Radiat Oncol Biol Phys 1985, 11:87-96.

Peschke P, Karger CP, Scholz M, Debus J, Huber PE: Relative biological
effectiveness of carbon ions for local tumor control of a radioresistant
prostate carcinoma in the rat. Int J Radiat Oncol Biol Phys 2011, 79:239-246.
Weyrather WK, Ritter S, Scholz M, Kraft G: RBE for carbon track-segment
irradiation in cell lines of differing repair capacity. Int J Radiat Biol 1999,
75:1357-1364.

Deacon J, Peckham MJ, Steel GG: The radioresponsiveness of human
tumours and the initial slope of the cell survival curve. Radiother Oncol
1984, 2:317-323.

Saigal K, Weed DT, Reis IM, Markoe AM, Wolfson AH, Nguyen-Sperry J:
Mucosal melanomas of the head and neck: the role of postoperative
radiation therapy. ISRN Oncol 2012, 2012:785131.

Yanagi T, Mizoe JE, Hasegawa A, Takagi R, Bessho H, Onda T, Kamada T, Okamoto
Y, Tsujii H: Mucosal malignant melanoma of the head and neck treated by
carbon ion radiotherapy. Int J Radiat Oncol Biol Phys 2009, 74:15-20.

Jingu K; Tsujii H, Mizoe JE, Hasegawa A, Bessho H, Takagi R, Morikawa T, Tonogi M,
Tsuji H, Kamada T, Yamada S: Carbon ion radiation therapy improves the
prognosis of unresectable adult bone and soft-tissue sarcoma of the head
and neck. Int J Radiat Oncol Biol Phys 2012, 82:2125-2131.

Tsujii H, Kamada T: A review of update clinical results of carbon ion
radiotherapy. Japanese journal of clinical oncology 2012, 42:670-685.
Shipley WU, Verhey LJ, Munzenrider JE, Suit HD, Urie MM, McManus PL, Young RH,
Shipley JW, Zietman AL, Biggs PJ: Advanced prostate cancer: the results of a
randomized comparative trial of high dose irradiation boosting with conformal
protons compared with conventional dose irradiation using photons alone. int
J Radiat Oncol Biol Phys 1995, 32:3-12.

Zietman AL, DeSilvio ML, Slater JD, Rossi CJ Jr, Miller DW, Adams JA, Shipley WU:
Comparison of conventional-dose vs high-dose conformal radiation therapy
in clinically localized adenocarcinoma of the prostate: a randomized
controlled trial. JAMA 2005, 294:1233-1239.

Michalski JM, Bae K, Roach M, Markoe AM, Sandler HM, Ryu J, Parliament MB,
Straube W, Valicenti RK, Cox JD: Long-term toxicity following 3D conformal
radiation therapy for prostate cancer from the RTOG 9406 phase I/Il dose
escalation study. Int J Radiat Oncol Biol Phys 2010, 76:14-22.

Nikoghosyan AV, Karapanagiotou-Schenkel I, Munter MW, Jensen AD,
Combs SE, Debus J: Randomised trial of proton vs. carbon ion radiation
therapy in patients with chordoma of the skull base, clinical phase Ill
study HIT-1-Study. BMC Cancer 2010, 10:607.

26.

27.

28.

29.

30.

31

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51

Page 16 of 19

Henderson FC, McCool K, Seigle J, Jean W, Harter W, Gagnon GJ: Treatment
of chordomas with CyberKnife: georgetown university experience and
treatment recommendations. Neurosurgery 2009, 64:A44-53.

Friedrich T, Weyrather W, Elsasser T, Durante M, Scholz M: Accuracy of RBE:
experimental and theoretical considerations. Radiat Environ Biophys 2010,
49:345-349.

Gray L, Conger A, Ebert M, Hornsey S, Scott O: The concentration of
oxygen dissolved in tissues at the time of irradiation as a factor in
radiotherapy. The British journal of radiology 1953, 26:638-648.

Nordsmark M, Overgaard M, Overgaard J: Pretreatment oxygenation
predicts radiation response in advanced squamous cell carcinoma of the
head and neck. Radiother Oncol 1996, 41:31-39.

Hockel M, Schlenger K, Mitze M, Schaffer U, Vaupel P: Hypoxia and
Radiation Response in Human Tumors. Semin Radiat Oncol 1996, 6:3-9.
Vaupel P, Mayer A: Hypoxia in cancer: significance and impact on clinical
outcome. Cancer Metastasis Rev 2007, 26:225-239.

Schmid T, Dollinger G, Beisker W, Hable V, Greubel C, Auer S, Mittag A,
Tarnok A, Friedl A, Molls M, Roper B: Differences in the kinetics of gamma-
H2AX fluorescence decay after exposure to low and high LET radiation.
International journal of radiation biology 2010, 86:682-691.

Tatiana W, Jan JW: Modelling of the oxygen enhancement ratio for ion beam
radiation therapy. Physics in medicine and biology 2011, 56:3251-3268.
Meesungnoen J, Jay-Gerin JP: High-LET ion radiolysis of water: oxygen
production in tracks. Radiat Res 2009, 171:379-386.

Prise KM, Folkard M, Davies S, Michael BD: Measurement of DNA damage
and cell killing in Chinese hamster V79 cells irradiated with aluminum
characteristic ultrasoft X rays. Radiat Res 1989, 117:489-499.

Ward JF: The complexity of DNA damage: relevance to biological
consequences. Int J Radiat Biol 1994, 66:427-432.

Michael BD, Prise KM: A multiple-radical model for radiation action on DNA
and the dependence of OER on LET. Int J Radiat Biol 1996, 69:351-358.

Brown J, Wilson W: Exploiting tumour hypoxia in cancer treatment.
Nature reviews Cancer 2004, 4:437-447.

Wenzl T, Wilkens J: Theoretical analysis of the dose dependence of the
oxygen enhancement ratio and its relevance for clinical applications.
Radiation oncology (London, England) 2011, 6:171.

Meijer T, Kaanders J, Span P, Bussink J: Targeting hypoxia, HIF-1, and
tumor glucose metabolism to improve radiotherapy efficacy. Clinical
cancer research: an official journal of the American Association for Cancer
Research 2012, 18:5585-55%4.

Harada H: How can we overcome tumor hypoxia in radiation therapy?
Journal of radiation research 2011, 52:545-556.

Moeller BJ, Cao Y, Li CY, Dewhirst MW: Radiation activates HIF-1 to
regulate vascular radiosensitivity in tumors: role of reoxygenation, free
radicals, and stress granules. Cancer Cell 2004, 5:429-441.

Shi M, Guo XT, Shu MG, Li LW: Enhancing tumor radiosensitivity by
intracellular delivery of survivin antagonists. Med Hypotheses 2007,
68:1056-1058.

Wei H, Wang C, Chen L: Proliferating cell nuclear antigen, survivin, and
CD34 expressions in pancreatic cancer and their correlation with
hypoxia-inducible factor 1alpha. Pancreas 2006, 32:159-163.

Li DW, Zhou L, Jin B, Xie J, Dong P: Expression and significance of
hypoxia-inducible factor-1alpha and survivin in laryngeal carcinoma
tissue and cells. Otolaryngol Head Neck Surg 2013, 148:75-81.

Shi M, Guo XT, Shu MG, Chen FL, Li LW: Cell-permeable hypoxia-inducible
factor-1 (HIF-1) antagonists function as tumor radiosensitizers. Med
Hypotheses 2007, 69:33-35.

Bache M, Kappler M, Said HM, Staab A, Vordermark D: Detection and
specific targeting of hypoxic regions within solid tumors: current
preclinical and clinical strategies. Curr Med Chem 2008, 15:322-338.
Rampling R, Cruickshank G, Lewis AD, Fitzsimmons SA, Workman P:

Direct measurement of pO2 distribution and bioreductive enzymes in human
malignant brain tumors. Int J Radiat Oncol Biol Phys 1994, 29:427-431.
Collingridge DR, Piepmeier JM, Rockwell S, Knisely JP: Polarographic
measurements of oxygen tension in human glioma and surrounding
peritumoural brain tissue. Radiother Oncol 1999, 53:127-131.

Kayama T, Yoshimoto T, Fujimoto S, Sakurai Y: Intratumoral oxygen
pressure in malignant brain tumor. J Neurosurg 1991, 74:55-59.
Nordsmark M, Bentzen SM, Rudat V, Brizel D, Lartigau E, Stadler P, Becker A,
Adam M, Molls M, Dunst J, Terris DJ, Overgaard J: Prognostic value of
tumor oxygenation in 397 head and neck tumors after primary radiation



Schlaff et al. Radiation Oncology 2014, 9:88
http://www.ro-journal.com/content/9/1/88

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

therapy. An international multi-center study. Radiother Oncol 2005,
77:18-24.

Harrison LB, Chadha M, Hill RJ, Hu K, Shasha D: Impact of tumor hypoxia
and anemia on radiation therapy outcomes. Oncologist 2002, 7:492-508.
Urtasun RC, Chapman JD, Raleigh JA, Franko AJ, Koch CJ: Binding of
3H-misonidazole to solid human tumors as a measure of tumor hypoxia.
Int J Radiat Oncol Biol Phys 1986, 12:1263-1267.

Evans SM, Jenkins KW, Jenkins WT, Dilling T, Judy KD, Schrlau A, Judkins A,
Hahn SM, Koch CJ: Imaging and analytical methods as applied to the
evaluation of vasculature and hypoxia in human brain tumors. Radiat Res
2008, 170:677-690.

Evans SM, Judy KD, Dunphy |, Jenkins WT, Hwang WT, Nelson PT, Lustig RA,
Jenkins K, Magarelli DP, Hahn SM, Collins RA, Grady MS, Koch CJ: Hypoxia is
important in the biology and aggression of human glial brain tumors.
Clin Cancer Res 2004, 10:8177-8184.

Citrin D, Camphausen K, Curran W, Dicker A: Evaluation of novel agents

as radiosensitizers from laboratory to clinic. In ASCO Educational Book.
2007:4.

Stobbe CC, Park SJ, Chapman JD: The radiation hypersensitivity of cells at
mitosis./nt J Radiat Biol 2002, 78:1149-1157.

Wang H, Wang X, Zhang P, Wang Y: The Ku-dependent non-homologous
end-joining but not other repair pathway is inhibited by high linear
energy transfer ionizing radiation. DNA Repair (Amst) 2008, 7:725-733.
Tsuboi K, Moritake T, Tsuchida Y, Tokuuye K, Matsumura A, Ando K:

Cell cycle checkpoint and apoptosis induction in glioblastoma cells and
fibroblasts irradiated with carbon beam. J Radiat Res 2007, 48:317-325.
Marks LB, Dewhirst M: Accelerated repopulation: friend or foe? Exploiting
changes in tumor growth characteristics to improve the "efficiency" of
radiotherapy. Int J Radiat Oncol Biol Phys 1991, 21:1377-1383.

Arai T, Kuroishi T, Saito Y, Kurita Y, Naruke T, Kaneko M: Tumor doubling
time and prognosis in lung cancer patients: evaluation from chest films
and clinical follow-up study. Japanese Lung Cancer Screening Research
Group. Jpn J Clin Oncol 1994, 24:199-204.

Pich A, Chiusa L, Navone R: Prognostic relevance of cell proliferation in
head and neck tumors. Ann Oncol 2004, 15:1319-1329.

Nichols AC, Whelan F, Basmaji J, Dhaliwal S, Dowthwaite S, Chapeskie C,
Read N, Palma DA, Fung K, Venkatesan V, Hammond JA, Franklin JH,
Siddiqui I, Wehrli B, Kwan K, Koropatnick J, Mymryk JS, Barrett JW, Yoo J:
Ki-67 expression predicts radiotherapy failure in early glottic cancer.

J Otolaryngol Head Neck Surg 2012, 41:124-130.

Choi N, Baumann M, Flentjie M, Kellokumpu-Lehtinen P, Senan S,
Zamboglou N, Kosmidis P: Predictive factors in radiotherapy for non-small
cell lung cancer: present status. Lung Cancer 2001, 31:43-56.

Fowler JF, Lindstrom MJ: Loss of local control with prolongation in
radiotherapy. Int J Radiat Oncol Biol Phys 1992, 23:457-467.

Bonnet D, Dick J: Human acute myeloid leukemia is organized as a
hierarchy that originates from a primitive hematopoietic cell. Nature
medicine 1997, 3:730-737.

Gupta PB, Chaffer CL, Weinberg RA: Cancer stem cells: mirage or reality?
Nat Med 2009, 15:1010-1012.

Singh S, Clarke |, Terasaki M, Bonn V, Hawkins C, Squire J, Dirks P: Identification of
a cancer stem cell in human brain tumors. Cancer research 2003, 63:5821-5828.
Prince ME, Sivanandan R, Kaczorowski A, Wolf GT, Kaplan MJ, Dalerba P,
Weissman IL, Clarke MF, Ailles LE: Identification of a subpopulation of cells
with cancer stem cell properties in head and neck squamous cell
carcinoma. Proc Natl Acad Sci U S A 2007, 104:973-978.

Li C, Lee CJ, Simeone DM: Identification of human pancreatic cancer stem
cells. Methods Mol Biol 2009, 568:161-173.

Eramo A, Lotti F, Sette G, Pilozzi E, Biffoni M, Di Virgilio A, Conticello C, Ruco
L, Peschle C, De Maria R: Identification and expansion of the tumorigenic
lung cancer stem cell population. Cell Death Differ 2008, 15:504-514.
Schatton T, Murphy GF, Frank NY, Yamaura K, Waaga-Gasser AM, Gasser M,
Zhan Q, Jordan S, Duncan LM, Weishaupt C, Fuhlbrigge RC, Kupper TS,
Sayegh MH, Frank MH: Identification of cells initiating human melanomas.
Nature 2008, 451:345-349.

Bao S, Wu Q, McLendon R, Hao Y, Shi Q, Hjelmeland A, Dewhirst M, Bigner
D, Rich J: Glioma stem cells promote radioresistance by preferential
activation of the DNA damage response. Nature 2006, 444:756-760.
Blazek ER, Foutch JL, Maki G: Daoy medulloblastoma cells that express
CD133 are radioresistant relative to CD133- cells, and the CD133+ sector
is enlarged by hypoxia. Int J Radiat Oncol Biol Phys 2007, 67:1-5.

75.

76.

77.

78.

79.

80.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

Page 17 of 19

Heddleston JM, Hitomi M, Venere M, Flavahan WA, Yang K, Kim Y, Minhas S,
Rich JN, Hjelmeland AB: Glioma stem cell maintenance: the role of the
microenvironment. Curr Pharm Des 2011, 17:2386-2401.

Masunaga S, Sakurai Y, Tanaka H, Hirayama R, Matsumoto Y, Uzawa A,
Suzuki M, Kondo N, Narabayashi M, Maruhashi A, Ono K: Radiosensitivity of
pimonidazole-unlabelled intratumour quiescent cell population to
gamma-rays, accelerated carbon ion beams and boron neutron capture
reaction. Br J Radiol 2013, 86:20120302.

Russell J, Wheldon TE, Stanton P: A radioresistant variant derived from a
human neuroblastoma cell line is less prone to radiation-induced
apoptosis. Cancer Res 1995, 55:4915-4921.

Robson T, Price ME, Moore ML, Joiner MC, McKelvey-Martin VJ, McKeown
SR, Hirst DG: Increased repair and cell survival in cells treated with DIR1
antisense oligonucleotides: implications for induced radioresistance.
Int J Radiat Biol 2000, 76:617-623.

Gursel D, Beyene R, Hofstetter C, Greenfield J, Souweidane M, Kaplitt M,
Arango-Lievano M, Howard B, Boockvar J: Optimization of glioblastoma
multiforme stem cell isolation, transfection, and transduction. Journal of
neuro-oncology 2011, 104:509-522.

Gdrsel D, Shin B, Burkhardt J-K, Kesavabhotla K, Schlaff C, Boockvar J:
Glioblastoma Stem-Like Cells-Biology and Therapeutic Implications.
Cancers 2011, 3:2655-2666.

Diehn M, Cho R, Lobo N, Kalisky T, Dorie M, Kulp A, Qian D, Lam J, Ailles L,
Wong M, Joshua B, Kaplan M, Wapnir |, Dirbas F, Somlo G, Garberoglio C,
Paz B, Shen J, Lau S, Quake S, Brown J, Weissman |, Clarke M: Association of
reactive oxygen species levels and radioresistance in cancer stem cells.
Nature 2009, 458:780-783.

Charles NA, Holland EC, Gilbertson R, Glass R, Kettenmann H: The brain
tumor microenvironment. Glia 2012, 60:502-514.

Cedervall J, Zhang Y, Ringvall M, Thulin A, Moustakas A, Jahnen-Dechent W,
Siegbahn A, Olsson AK: HRG regulates tumor progression, epithelial to
mesenchymal transition and metastasis via platelet-induced signaling in
the pre-tumorigenic microenvironment. Angiogenesis 2013, 16(4):889-908.
Dellas K, Bache M, Pigorsch SU, Taubert H, Kappler M, Holzapfel D, Zorn E,
Holzhausen HJ, Haensgen G: Prognostic impact of HIF-1alpha expression
in patients with definitive radiotherapy for cervical cancer. Strahlenther
Onkol 2008, 184:169-174.

Koukourakis MI, Giatromanolaki A, Danielidis V, Sivridis E: Hypoxia inducible
factor (HIf1alpha and HIF2alpha) and carbonic anhydrase 9 (CA9)
expression and response of head-neck cancer to hypofractionated and
accelerated radiotherapy. Int J Radiat Biol 2008, 84:47-52.

Vergis R, Corbishley CM, Norman AR, Bartlett J, Jhavar S, Borre M, Heeboll S,
Horwich A, Huddart R, Khoo V, Eeles R, Cooper C, Sydes M, Dearnaley D,
Parker C: Intrinsic markers of tumour hypoxia and angiogenesis in
localised prostate cancer and outcome of radical treatment: a
retrospective analysis of two randomised radiotherapy trials and one
surgical cohort study. Lancet Oncol 2008, 9:342-351.

Fuks Z, Kolesnick R: Engaging the vascular component of the tumor
response. Cancer Cell 2005, 8:89-91.

Ricci-Vitiani L, Pallini R, Biffoni M, Todaro M, Invemici G, Cenci T, Maira G, Parati E,
Stassi G, Larocca L, De Maria R: Tumour vascularization via endothelial
differentiation of glioblastoma stem-like cells. Nature 2010, 468:824-828.

Kioi M, Vogel H, Schultz G, Hoffman RM, Harsh GR, Brown JM: Inhibition of
vasculogenesis, but not angiogenesis, prevents the recurrence of
glioblastoma after irradiation in mice. J Clin Invest 2010, 120:694-705.
Kamlah F, Hanze J, Arenz A, Seay U, Hasan D, Juricko J, Bischoff B,
Gottschald OR, Fournier C, Taucher-Scholz G, Scholz M, Seeger W,
Engenhart-Cabillic R, Rose F: Comparison of the effects of carbon ion and
photon irradiation on the angiogenic response in human lung
adenocarcinoma cells. Int J Radiat Oncol Biol Phys 2011, 80:1541-1549.
Chen Z, Lu W, Garcia-Prieto C, Huang P: The Warburg effect and its cancer
therapeutic implications. Journal of bioenergetics and biomembranes 2007,
39:267-274.

Lopez-Lazaro M: The warburg effect: why and how do cancer cells
activate glycolysis in the presence of oxygen? Anti-cancer agents in
medicinal chemistry 2008, 8(3):305-312.

Gillies RJ, Gatenby RA: Adaptive landscapes and emergent phenotypes:

why do cancers have high glycolysis? J Bioenerg Biomembr 2007, 39:251-257.
Ganapathy V, Thangaraju M, Prasad PD: Nutrient transporters in cancer:
relevance to Warburg hypothesis and beyond. Pharmacol Ther 2009,
121:29-40.



Schlaff et al. Radiation Oncology 2014, 9:88
http://www.ro-journal.com/content/9/1/88

95.

96.

97.

98.

9.

100.

104.

105.

106.

107.

108.

110.

111

112.

115.

116.

117.

118.

119.

120.

Gogvadze V, Orrenius S, Zhivotovsky B: Mitochondria in cancer cells:

what is so special about them? Trends in Cell Biology 2008, 18:165-173.
Sattler U, Hirschhaeuser F, Mueller-Klieser W: Manipulation of glycolysis in
malignant tumors: fantasy or therapy? Current medicinal chemistry 2010,
17:96-108.

Estrela J, Ortega A, Obrador E: Glutathione in cancer biology and therapy.
Critical reviews in clinical laboratory sciences 2006, 43:143-181.

Trachootham D, Alexandre J, Huang P: Targeting cancer cells by
ROS-mediated mechanisms: a radical therapeutic approach? Nat Rev
Drug Discov 2009, 8:579-591.

Cook JA, Gius D, Wink DA, Krishna MC, Russo A, Mitchell JB: Oxidative
stress, redox, and the tumor microenvironment. Semin Radiat Oncol 2004,
14:259-266.

Colen CB, Seraji-Bozorgzad N, Marples B, Galloway MP, Sloan AE, Mathupala SP:
Metabolic remodeling of malignant gliomas for enhanced sensitization
during radiotherapy: an in vitro study. Neurosurgery 2006, 59:1313-1323.
discussion 1323-1314.

. Coleman C, Mitchell J: Clinical radiosensitization: why it does and does

not work. Journal of clinical oncology 1999, 17(1):1-3.

. Tennant DA, Duran RV, Gottlieb E: Targeting metabolic transformation for

cancer therapy. Nat Rev Cancer 2010, 10:267-277.

. Hanot M, Boivin A, Malésys C, Beuve M, Colliaux A, Foray N, Douki T, Ardail

D, Rodriguez-Lafrasse C: Glutathione depletion and carbon ion radiation
potentiate clustered DNA lesions, cell death and prevent chromosomal
changes in cancer cells progeny. PloS one 2012, 7(11):e44367.

Haro K, Sheth A, Scheinberg D: Dysregulation of IRP1-mediated iron
metabolism causes gamma ray-specific radioresistance in leukemia cells.
PloS one 2012, 7(11):e48841.

Letelier M, Sanchez-Jofré S, Peredo-Silva L, Cortés-Troncoso J, Aracena-Parks
P: Mechanisms underlying iron and copper ions toxicity in biological
systems: Pro-oxidant activity and protein-binding effects.
Chemico-biological interactions 2010, 188:220-227.

Hentze M, Muckenthaler M, Andrews N: Balancing acts: molecular control
of mammalian iron metabolism. Cell 2004, 117(3):285-297.

Rouault T: The role of iron regulatory proteins in mammalian iron
homeostasis and disease. Nature chemical biology 2006, 2:406-414.

Suit H, Delaney T, Goldberg S, Paganetti H, Clasie B, Gerweck L, Niemierko
A, Hall E, Flanz J, Hallman J, Trofimov A: Proton vs carbon ion beams in
the definitive radiation treatment of cancer patients. Radiotherapy and
oncology: journal of the European Society for Therapeutic Radiology and
Oncology 2010, 95:3-22.

. Wikstrand CJ, McLendon RE, Friedman AH, Bigner DD: Cell surface

localization and density of the tumor-associated variant of the epidermal
growth factor receptor, EGFRVIII. Cancer Res 1997, 57:4130-4140.
McCubrey JA, Lahair MM, Franklin RA: OSU-03012 in the treatment of
glioblastoma. Mol Pharmacol 2006, 70:437-439.

Wallner KE, Galicich JH, Krol G, Arbit E, Malkin MG: Patterns of failure
following treatment for glioblastoma multiforme and anaplastic
astrocytoma. Int J Radiat Oncol Biol Phys 1989, 16:1405-1409.

Salcman M: Survival in glioblastoma: historical perspective. Neurosurgery
1980, 7:435-439.

. Marks LB, Ten Haken RK, Martel MK: Guest editor's introduction to

QUANTEC: a users guide. Int J Radiat Oncol Biol Phys 2010, 76:51-2.

. Giese A, Westphal M: Glioma invasion in the central nervous system.

Neurosurgery 1996, 39:235-250. discussion 250-232.

Hochberg FH, Pruitt A: Assumptions in the radiotherapy of glioblastoma.
Neurology 1980, 30:907-911.

Chugh R, Tawbi H, Lucas DR, Biermann JS, Schuetze SM, Baker LH:
Chordoma: the nonsarcoma primary bone tumor. Oncologist 2007,
12:1344-1350.

Schulz-Ertner D, Karger CP, Feuerhake A, Nikoghosyan A, Combs SE, Jakel O,
Edler L, Scholz M, Debus J: Effectiveness of carbon ion radiotherapy in the
treatment of skull-base chordomas. Int J Radiat Oncol Biol Phys 2007,
68:449-457.

Mizoe JE, Hasegawa A, Takagi R, Bessho H, Onda T, Tsujii H: Carbon ion
radiotherapy for skull base chordoma. Skull Base 2009, 19:219-224.
Munzenrider JE, Liebsch NJ: Proton therapy for tumors of the skull base.
Strahlenther Onkol 1999, 175(Suppl 2):57-63.

Noel G, Habrand JL, Jauffret E, de Crevoisier R, Dederke S, Mammar H, Haie-Meder C,
Pontvert D, Hasboun D, Ferrand R, Boisserie G, Beaudre A, Gaboriaud G, Guedea F,
Petriz L, Mazeron JJ: Radiation therapy for chordoma and

121.

123.

124.

127.

128.

130.

131.

132.

133.

134.

135.

136.

137.

138.

Page 18 of 19

chondrosarcoma of the skull base and the cervical spine. Prognostic
factors and patterns of failure. Strahlenther Onkol 2003, 179:241-248.
Igaki H, Tokuuye K, Okumura T, Sugahara S, Kagei K, Hata M, Ohara K,
Hashimoto T, Tsuboi K, Takano S, Matsumura A, Akine Y: Clinical results of
proton beam therapy for skull base chordoma. Int J Radiat Oncol Biol Phys
2004, 60:1120-1126.

. Rowe BP, Boffa DJ, Wilson LD, Kim AW, Detterbeck FC, Decker RH:

Stereotactic body radiotherapy for central lung tumors. J Thorac Oncol
2012, 7:1394-1399.

Guckenberger M, Kestin LL, Hope AJ, Belderbos J, Werner-Wasik M, Yan D,
Sonke JJ, Bissonnette JP, Wilbert J, Xiao Y, Grills IS: Is there a lower limit of
pretreatment pulmonary function for safe and effective stereotactic
body radiotherapy for early-stage non-small cell lung cancer? J Thorac
Oncol 2012, 7:542-551.

Dunlap NE, Larner JM, Read PW, Kozower BD, Lau CL, Sheng K, Jones DR:
Size matters: a comparison of T1 and T2 peripheral non-small-cell lung
cancers treated with stereotactic body radiation therapy (SBRT). J Thorac
Cardiovasc Surg 2010, 140:583-589.

. Koto M, Takai Y, Ogawa Y, Matsushita H, Takeda K, Takahashi C, Britton KR,

Jingu K, Takai K, Mitsuya M, Nemoto K, Yamada S: A phase Il study on
stereotactic body radiotherapy for stage | non-small cell lung cance.
Radiother Oncol 2007, 85:429-434.

. Guckenberger M, Baier K, Polat B, Richter A, Krieger T, Wilbert J, Mueller G, Flentje

M: Dose-response relationship for radiation-induced pneumonitis after
pulmonary stereotactic body radiotherapy. Radliother Oncol 2010, 97:65-70.
Altekruse SF, McGlynn KA, Reichman ME: Hepatocellular carcinoma
incidence, mortality, and survival trends in the United States from 1975
to 2005. J Clin Oncol 2009, 27:1485-1491.

Levy |, Greig PD, Gallinger S, Langer B, Sherman M: Resection of
hepatocellular carcinoma without preoperative tumor biopsy. Ann Surg
2001, 234:206-209.

. Grazi GL, Ercolani G, Pierangeli F, Del Gaudio M, Cescon M, Cavallari A,

Mazziotti A: Improved results of liver resection for hepatocellular
carcinoma on cirrhosis give the procedure added value. Ann Surg 2001,
234:71-78.

Komatsu S, Fukumoto T, Demizu Y, Miyawaki D, Terashima K, Sasaki R, Hori
Y, Hishikawa Y, Ku Y, Murakami M: Clinical results and risk factors of
proton and carbon ion therapy for hepatocellular carcinoma. Cancer
2011, 117:4890-4904.

Kato H, Tsujii H, Miyamoto T, Mizoe JE, Kamada T, Tsuji H, Yamada S,
Kandatsu S, Yoshikawa K, Obata T, Ezawa H, Morita S, Tomizawa M,
Morimoto N, Fujita J, Ohto M: Results of the first prospective study of
carbon ion radiotherapy for hepatocellular carcinoma with liver cirrhosis.
Int J Radiat Oncol Biol Phys 2004, 59:1468-1476.

Chiba T, Tokuuye K, Matsuzaki Y, Sugahara S, Chuganji Y, Kagei K, Shoda J,
Hata M, Abei M, Igaki H, Tanaka N, Akine Y: Proton beam therapy for
hepatocellular carcinoma: a retrospective review of 162 patients.

Clin Cancer Res 2005, 11:3799-3805.

Kawashima M, Furuse J, Nishio T, Konishi M, Ishii H, Kinoshita T, Nagase M,
Nihei K, Ogino T: Phase Il study of radiotherapy employing proton beam
for hepatocellular carcinoma. J Clin Oncol 2005, 23:1839-1846.

Wagner M, Redaelli C, Lietz M, Seiler C, Friess H, Blichler M: Curative
resection is the single most important factor determining outcome in
patients with pancreatic adenocarcinoma. The British journal of surgery
2004, 91:586-5%4.

Bachmann J, Michalski C, Martignoni M, Blichler M, Friess H: Pancreatic
resection for pancreatic cancer. HPB: the official journal of the International
Hepato Pancreato Biliary Association 2006, 8:346-351.

Hong TS, Ryan DP, Blaszkowsky LS, Mamon HJ, Kwak EL, Mino-Kenudson M,
Adams J, Yeap B, Winrich B, Delaney TF, Fernandez-Del Castillo C: Phase |
study of preoperative short-course chemoradiation with proton beam
therapy and capecitabine for resectable pancreatic ductal
adenocarcinoma of the head.int J Radiat Oncol Biol Phys 2011, 79:151-157.
Combs SE, Ellerbrock M, Haberer T, Habermehl D, Hoess A, Jakel O, Jensen A,
Klemm S, Mnter M, Naumann J, Nikoghosyan A, Oertel S, Parodi K, Rieken S,
Debus J: Heidelberg lon Therapy Center (HIT): Initial clinical experience in the
first 80 patients. Acta Oncol 2010, 49:1132-1140.

Senapati A, O'Leary DP, Flashman KG, Parvaiz A, Thompson MR: Low rates
of local recurrence after surgical resection of rectal cancer suggest

a selective policy for preoperative radiotherapy. Colorectal Dis 2012,
14:838-843.



Schlaff et al. Radiation Oncology 2014, 9:88
http://www.ro-journal.com/content/9/1/88

139.

140.

141,

144.

146.

147.

148.

149.

150.

152.

154.

155.

156.

157.

Combs SE, Kieser M, Habermehl D, Weitz J, Jager D, Fossati P, Orrechia R,
Engenhart-Cabillic R, Potter R, Dosanjh M, Jakel O, Buchler MW, Debus J:
Phase I/1l trial evaluating carbon ion radiotherapy for the treatment of
recurrent rectal cancer: the PANDORA-01 trial. BMC Cancer 2012, 12:137.
Okada T, Kamada T, Tsuji H, Mizoe JE, Baba M, Kato S, Yamada S, Sugahara
S, Yasuda S, Yamamoto N, Imai R, Hasegawa A, Imada H, Kiyohara H, Jingu
K, Shinoto M, Tsujii H: Carbon ion radiotherapy: clinical experiences at
National Institute of Radiological Science (NIRS). J Radiat Res 2010,
51:355-364.

Iseli TA, Karnell LH, Graham SM, Funk GF, Buatti JM, Gupta AK, Robinson RA,
Hoffman HT: Role of radiotherapy in adenoid cystic carcinoma of the
head and neck. J Laryngol Otol 2009, 123:1137-1144.

. Mendenhall WM, Morris CG, Amdur RJ, Werning JW, Hinerman RW, Villaret

DB: Radiotherapy alone or combined with surgery for adenoid cystic
carcinoma of the head and neck. Head Neck 2004, 26:154-162.

. O'Sullivan B, Davis AM, Turcotte R, Bell R, Catton C, Chabot P, Wunder J,

Kandel R, Goddard K, Sadura A, Pater J, Zee B: Preoperative versus
postoperative radiotherapy in soft-tissue sarcoma of the limbs: a
randomised trial. Lancet 2002, 359:2235-2241.

O'Sullivan B, Griffin AM, Dickie Cl, Sharpe MB, Chung PW, Catton CN,
Ferguson PC, Wunder JS, Deheshi BM, White LM, Kandel RA, Jaffray DA, Bell
RS: Phase 2 study of preoperative image-guided intensity-modulated
radiation therapy to reduce wound and combined modality morbidities
in lower extremity soft tissue sarcoma. Cancer 2013, 119:1878-1884.

. Willers H, Hug EB, Spiro 1J, Efird JT, Rosenberg AE, Wang CC: Adult soft

tissue sarcomas of the head and neck treated by radiation and surgery
or radiation alone: patterns of failure and prognostic factors. Int J Radiat
Oncol Biol Phys 1995, 33:585-593.

Mendenhall WM, Mendenhall CM, Werning JW, Riggs CE, Mendenhall NP:
Adult head and neck soft tissue sarcomas. Head Neck 2005, 27:916-922.
Barker JL Jr, Paulino AC, Feeney S, McCulloch T, Hoffman H: Locoregional
treatment for adult soft tissue sarcomas of the head and neck: an
institutional review. Cancer J 2003, 9:49-57.

Hug EB, Loredo LN, Slater JD, DeVries A, Grove RI, Schaefer RA, Rosenberg
AE, Slater JM: Proton radiation therapy for chordomas and
chondrosarcomas of the skull base. J Neurosurg 1999, 91:432-439.
Miyamoto T, Baba M, Yamamoto N, Koto M, Sugawara T, Yashiro T, Kadono
K, Ezawa H, Tsujii H, Mizoe JE, Yoshikawa K, Kandatsu S, Fujisawa T: Curative
treatment of Stage | non-small-cell lung cancer with carbon ion beams
using a hypofractionated regimen. Int J Radiat Oncol Biol Phys 2007,
67:750-758.

Buijs M, Vossen JA, Frangakis C, Hong K, Georgiades CS, Chen Y, Liapi E,
Geschwind JF: Nonresectable hepatocellular carcinoma: long-term
toxicity in patients treated with transarterial chemoembolization-single-
center experience. Radiology 2008, 249:346-354.

. Cohen SJ, Dobelbower R Jr, Lipsitz S, Catalano PJ, Sischy B, Smith TJ, Haller

DG: A randomized phase I study of radiotherapy alone or with
5-fluorouracil and mitomycin-C in patients with locally advanced
adenocarcinoma of the pancreas: Eastern Cooperative Oncology Group
study E8282. Int J Radiat Oncol Biol Phys 2005, 62:1345-1350.

Shinoto M, Yamada S, Yasuda S, Imada H, Shioyama Y, Honda H, Kamada T,
Tsujii H, Saisho H: Phase 1 trial of preoperative, short-course carbon-ion
radiotherapy for patients with resectable pancreatic cancer. Cancer 2013,
119:45-51.

. Koong AC, Christofferson E, Le QT, Goodman KA, Ho A, Kuo T, Ford JM,

Fisher GA, Greco R, Norton J, Yang GP: Phase Il study to assess the efficacy
of conventionally fractionated radiotherapy followed by a stereotactic
radiosurgery boost in patients with locally advanced pancreatic cancer.
Int J Radiat Oncol Biol Phys 2005, 63:320-323.

Akakura K, Tsujii H, Morita S, Tsuji H, Yagishita T, Isaka S, Ito H, Akaza H, Hata
M, Fujime M, Harada M, Shimazaki J: Phase /Il clinical trials of carbon ion
therapy for prostate cancer. Prostate 2004, 58:252-258.

Ishikawa H, Tsuji H, Kamada T, Akakura K, Suzuki H, Shimazaki J, Tsujii H:
Carbon-ion radiation therapy for prostate cancer. Int J Urol 2012, 19:296-305.
Coote JH, Wylie JP, Cowan RA, Logue JP, Swindell R, Livsey JE:
Hypofractionated intensity-modulated radiotherapy for carcinoma of the
prostate: analysis of toxicity. Int J Radiat Oncol Biol Phys 2009, 74:1121-1127.
Ishikawa H, Tsuji H, Kamada T, Yanagi T, Mizoe JE, Kanai T, Morita S,
Wakatsuki M, Shimazaki J, Tsujii H: Carbon ion radiation therapy for
prostate cancer: results of a prospective phase Il study. Radiother Oncol
2006, 81:57-64.

158.

159.

161.

162.

166.

167.

168.

169.
170.

172.

Page 19 of 19

Kupelian PA, Willoughby TR, Reddy CA, Klein EA, Mahadevan A:
Hypofractionated intensity-modulated radiotherapy (70 Gy at 2.5 Gy per
fraction) for localized prostate cancer: Cleveland Clinic experience. Int J
Radiat Oncol Biol Phys 2007, 68:1424-1430.

Martin JM, Rosewall T, Bayley A, Bristow R, Chung P, Crook J, Gospodarowicz
M, McLean M, Menard C, Milosevic M, Warde P, Catton C: Phase Il trial of
hypofractionated image-guided intensity-modulated radiotherapy for
localized prostate adenocarcinoma. Int J Radiat Oncol Biol Phys 2007,
69:1084-1089.

. Sauer R, Becker H, Hohenberger W, Rodel C, Wittekind C, Fietkau R, Martus

P, Tschmelitsch J, Hager E, Hess CF, Hess CF, Karstens JH, Liersch T,
Schmidberger H, Raab R; German Rectal Cancer Study Group: Preoperative
versus postoperative chemoradiotherapy for rectal cancer. N Engl J Med
2004, 351:1731-1740.

Lybeert ML, Martijn H, De Neve W, Crommelin MA, Ribot JG: Radiotherapy
for locoregional relapses of rectal carcinoma after initial radical surgery:
definite but limited influence on relapse-free survival and survival.

Int J Radiat Oncol Biol Phys 1992, 24:241-246.

O'Connell MJ, Childs DS, Moertel CG, Holbrook MA, Schutt AJ, Rubin J, Ritts
RE Jr: A prospective controlled evaluation of combined pelvic
radiotherapy and methanol extraction residue of BCG (MER) for locally
unresectable or recurrent rectal carcinoma. Int J Radiat Oncol Biol Phys
1982, 8:1115-1119.

. Duenas-Gonzalez A, Zarba JJ, Patel F, Alcedo JC, Beslija S, Casanova L,

Pattaranutaporn P, Hameed S, Blair JM, Barraclough H, Orlando M: Phase IIl,
open-label, randomized study comparing concurrent gemcitabine plus
cisplatin and radiation followed by adjuvant gemcitabine and cisplatin
versus concurrent cisplatin and radiation in patients with stage IIB to IVA
carcinoma of the cervix. J Clin Oncol 2011, 29:1678-1685.

. Matsushita K, Ochiai T, Shimada H, Kato S, Ohno T, Nikaido T, Yamada S,

Okazumi S, Matsubara H, Takayama W, Ishikura H, Tsujii H: The effects of
carbon ion irradiation revealed by excised perforated intestines as a late
morbidity for uterine cancer treatment. Surg Today 2006, 36:692-700.

. Kato S, Ohno T, Tsujii H, Nakano T, Mizoe JE, Kamada T, Miyamoto T, Tsuji H,

Kato H, Yamada S, Kandatsu S, Yoshikawa K, Ezawa H, Suzuki M; Working
Group of the Gynecological Tumor: Dose escalation study of carbon ion
radiotherapy for locally advanced carcinoma of the uterine cervix. Int J
Radiat Oncol Biol Phys 2006, 65:388-397.

Nishida Y, Kamada T, Imai R, Tsukushi S, Yamada Y, Sugiura H, Shido Y, Wasa
J, Ishiguro N: Clinical outcome of sacral chordoma with carbon ion
radiotherapy compared with surgery. Int J Radiat Oncol Biol Phys 2011,
79:110-116.

Imai R, Kamada T, Sugahara S, Tsuji H, Tsujii H: Carbon ion radiotherapy for
sacral chordoma. Br J Radiol 2011, 84(Spec No 1):548-54.

Imai R, Kamada T, Tsuji H, Sugawara S, Serizawa |, Tsujii H, Tatezaki S: Effect
of carbon ion radiotherapy for sacral chordoma: results of Phase I-Il and
Phase Il clinical trials. Int J Radiat Oncol Biol Phys 2010, 77:1470-1476.
Ohno T: Particle radiotherapy with carbon ion beams. EPMA J 2013, 4:9.
Kosaki K, Ecker S, Habermehl D, Rieken S, Jakel O, Herfarth K, Debus J,
Combs SE: Comparison of intensity modulated radiotherapy (IMRT) with
intensity modulated particle therapy (IMPT) using fixed beams or an ion
gantry for the treatment of patients with skull base meningiomas.
Radiat Oncol 2012, 7:44.

. Habermehl D, Debus J, Ganten T, Ganten MK, Bauer J, Brecht IC, Brons S,

Haberer T, Haertig M, Jakel O, Parodi K, Welzel T, Combs SE:
Hypofractionated carbon ion therapy delivered with scanned ion beams
for patients with hepatocellular carcinoma - feasibility and clinical
response. Radiat Oncol 2013, 8:59.

Skinner HD, Hong TS, Krishnan S: Charged-particle therapy for
hepatocellular carcinoma. Semin Radiat Oncol 2011, 21:278-286.

doi:10.1186/1748-717X-9-88
Cite this article as: Schlaff et al: Bringing the heavy: carbon ion therapy
in the radiobiological and clinical context. Radiation Oncology 2014 9:88.




	Towards the establishment of a national ion therapy R&D center
	Radiobiological factors
	The α/β ratio
	Carbon ion RBE
	Hypoxia
	Cell cycle dependency and accelerated repopulation
	Tumor cell proliferation
	Neo-radiobiologic factors: lack of response to photons - beyond classical radiobiology
	Presence of stem cells
	Tumor microenvironment and metabolism
	Glucose metabolism
	Iron metabolism
	Anatomical factors
	Intracranial tumors
	Head/neck and thorax tumors
	Abdominal and pelvic sites
	Future clinical trial design

	Conclusions
	Disclaimer
	Abbreviations

	Competing interests
	Authors’ contributions
	Acknowledgements
	Author details
	References


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV <>
    /HUN <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.440 793.440]
>> setpagedevice




