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Abstract: Compared to conventional photon-based external beam radiation (PhXRT), carbon ion
radiotherapy (CIRT) has superior dose distribution, higher linear energy transfer (LET), and a higher
relative biological effectiveness (RBE). This enhanced RBE is driven by a unique DNA damage
signature characterized by clustered lesions that overwhelm the DNA repair capacity of malignant
cells. These physical and radiobiological characteristics imbue heavy ions with potent tumoricidal
capacity, while having the potential for simultaneously maximally sparing normal tissues. Thus,
CIRT could potentially be used to treat some of the most difficult to treat tumors, including those
that are hypoxic, radio-resistant, or deep-seated. Clinical data, mostly from Japan and Germany, are
promising, with favorable oncologic outcomes and acceptable toxicity. In this manuscript, we review
the physical and biological rationales for CIRT, with an emphasis on DNA damage and repair, as
well as providing a comprehensive overview of the translational and clinical data using CIRT.

Keywords: hadron therapy; radiation oncology; DNA repair; proton therapy; complex DNA damage;
carbon therapy

1. Introduction

More than two-thirds of cancer patients receive radiation therapy (RT) alone or in combination
with other cancer treatment modalities such as surgery or chemotherapy. Most clinical RT utilizes
bremsstrahlung photon beams, a form of ionizing radiation (IR), that result from rapid deceleration
of typically 4–18 MeV electron beams on high atomic number (Z) targets such as tungsten. While
recent advances have led to the development of highly sophisticated photon-based external beam
radiation (PhXRT) techniques (including intensity-modulated RT (IMRT), image guided RT (IGRT),
and stereotactic body RT (SBRT)) which have resulted in a significant widening of indications and
improvement of outcomes, there are still many tumor sites and histologies that remain challenging
to cure with PhXRT. It has long been recognized that proton or heavier ion therapy, which uses
accelerated charged particles, provide significant physical, biological, and potential clinical benefits
over PhXRT [1,2].

The use of heavy charged particles and fast protons for cancer therapy (also collectively termed
hadron therapy) was first proposed by Robert Wilson in 1946 [3], and the first treatments using protons
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and helium ions began in 1954 and 1957 at Lawrence Berkley National Laboratory, respectively [4,5].
Recently, particle therapy facilities have emerged across the world, with over 30 proton centers in
operation or under construction in the United States alone, and 10 centers treating patients with
carbon ions (C-ions) worldwide [6,7]. As the use of heavy charged particle therapy becomes more
widespread, the need for a greater understanding of the biological mechanisms and factors that may
affect treatment outcomes becomes more apparent. In this review, we will summarize these physical
and biological rationales, as well as, give an overview of the available pre-clinical and clinical data that
demonstrate the increased efficacy of heavy ion therapy over conventional PhXRT.

2. Rationale for Charged Particle Therapy

2.1. Physics Rationale: The Spread-Out Bragg Peak, Enhanced Dose Distribution, Lateral Focusing,
Dose Verification, and Superior Linear Energy Transfer

The factors unique to charged particles that can contribute to an overall superior delivery of
radiation dose when compared to PhXRT include: (1) spread-out Bragg peak, leading to enhanced dose
distribution and lateral focusing; (2) potential for dose verification via available imaging; (3) superior
linear energy transfer and; (4) magnetic steering of the ion beams (scanning beams). These properties
theoretically should lead to optimal delivery of maximally safe and potentially curative doses of
radiation to the tumor while simultaneously sparing at risk adjacent structures.

2.1.1. The Spread-Out Bragg Peak, Enhanced Dose Distribution, and Lateral Focusing

The majority of challenges associated with PhXRT result from the physical characteristics of
photon interactions with tissue. The depth dose distribution in tissue rises initially as the secondary
electrons liberated by incident photons build up their fluence, as well as the locally deposited dose, to
a maximum. Both fluence and dose then decline exponentially as a function of depth and photons
are absorbed even beyond the target until they exit the body [8]. This leads to a relatively shallow
(maximum depth of about 3–4 cm) depth dose maximum (Figure 1A), which poses a challenge to
treating deep-seated tumors without compromising proximal and distal healthy tissues. Additionally,
since photons lack electric charge, they can be neither magnetically nor electrically focused and require
the use of thick collimators to laterally shape the photon beam to conform to a target. Furthermore,
after photons leave the collimator and before they reach the target region, scattering interactions occur,
causing lateral spread outside of the collimated field. This results in a lateral penumbra region where
radiation dose is deposited in areas where it is not intended. Collectively, these factors contribute to
the irradiation of non-tumor normal tissue, increasing the risk of radiation-induced adverse effects,
which can potentially limit the amount of curative dose that can be delivered to the tumor. Thus,
tumors situated near at-risk structures often cannot be treated to curative doses without a substantial
risk of normal tissue toxicities.

In contrast to photons, when charged particles, such as carbon ions, penetrate matter, they
immediately start transferring kinetic energy to the medium they traverse [8]. The rate of this energy
loss determines how much energy is transferred from the ion to the medium. This energy transfer
is quantified as the linear energy transfer (LET) and it increases as the particle slows down until its
entire kinetic energy is depleted and the particle comes to rest. This process produces a characteristic
depth dose curve where relatively little dose is imparted in the more shallow regions of the track, but
increases abruptly and peaks as the particle comes to a stop. The imparted dose falls off dramatically
thereafter. This abrupt and drastic deposition of energy in a well-defined range is referred to as the
“Bragg peak” [9]. This superior depth dose characteristic of C-ions over both photons and protons is
illustrated in Figure 1A,B, respectively.
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Figure 1. (A) Percentage depth dose (PDD) curves comparing carbon ion beams to high (18 MV) and 
low (120 kVp) energy photon beams. (B) Percentage depth dose curves comparing carbon ion to 
proton beams. 

The depth of penetration is a function of the initial kinetic energy and particle charge. More 
energetic particles are able to penetrate deeper, and larger charged particles penetrate less deep with 
the same initial kinetic energy. If one utilizes beams of particles with different initial kinetic energies 
that are appropriately weighted with respect to each other, a region of uniform dose (or in fact any 
shaped physical dose distribution) in the depth (or beam) direction can be created to cover the treated 
lesion. Charged particles have an additional significant advantage with respect to conventional X-
rays; they can be magnetically steered rather than physically collimated. If a narrow beam of charged 
particles is deflected in the lateral direction, the whole tumor can be painted with the planned 
radiation dose. This, combined with the above mentioned longitudinal spread, results in what is 
termed as the “spread-out Bragg peak” (SOBP). It grants clinicians the ability to “paint” a tri-
dimensional tumor with radiation doses while minimizing the amount of radiation delivered to 
nearby at-risk structures. 

This dose deposition pattern is the foundation of charged particle cancer therapy and the 
physical properties of the SOBP provide several significant benefits for particle therapy when 
compared to photons [4]. The first is the enhanced ratio of dose deposited to tumor relative to that 
deposited in healthy tissue proximal to the tumor. Second, less of the dose is delivered to normal 
tissues on the back end of the Bragg peak, which allows for additional sparing of normal tissues at 
the distal edge of the tumor [10,11]. However, due to the stochastic nature of energy loss as ions travel 
through tissue, not all ions stop exactly at the same depth. This range uncertainty causes a widening 
of the Bragg peak in the longitudinal direction and is reduced as the atomic mass of the therapeutic 
ion is increased. A third important contrast of heavy charged particles with photons and protons is 
the suppressed multiple coulomb scattering they exhibit as they travel through matter. This leads to 
the sharper lateral penumbra of heavy ion beams, exploited in the clinic by the fact that heavy ion 

Figure 1. (A) Percentage depth dose (PDD) curves comparing carbon ion beams to high (18 MV) and
low (120 kVp) energy photon beams. (B) Percentage depth dose curves comparing carbon ion to
proton beams.

The depth of penetration is a function of the initial kinetic energy and particle charge. More
energetic particles are able to penetrate deeper, and larger charged particles penetrate less deep with
the same initial kinetic energy. If one utilizes beams of particles with different initial kinetic energies
that are appropriately weighted with respect to each other, a region of uniform dose (or in fact any
shaped physical dose distribution) in the depth (or beam) direction can be created to cover the treated
lesion. Charged particles have an additional significant advantage with respect to conventional X-rays;
they can be magnetically steered rather than physically collimated. If a narrow beam of charged
particles is deflected in the lateral direction, the whole tumor can be painted with the planned radiation
dose. This, combined with the above mentioned longitudinal spread, results in what is termed as the
“spread-out Bragg peak” (SOBP). It grants clinicians the ability to “paint” a tri-dimensional tumor with
radiation doses while minimizing the amount of radiation delivered to nearby at-risk structures.

This dose deposition pattern is the foundation of charged particle cancer therapy and the physical
properties of the SOBP provide several significant benefits for particle therapy when compared to
photons [4]. The first is the enhanced ratio of dose deposited to tumor relative to that deposited in
healthy tissue proximal to the tumor. Second, less of the dose is delivered to normal tissues on the
back end of the Bragg peak, which allows for additional sparing of normal tissues at the distal edge of
the tumor [10,11]. However, due to the stochastic nature of energy loss as ions travel through tissue,
not all ions stop exactly at the same depth. This range uncertainty causes a widening of the Bragg
peak in the longitudinal direction and is reduced as the atomic mass of the therapeutic ion is increased.
A third important contrast of heavy charged particles with photons and protons is the suppressed
multiple coulomb scattering they exhibit as they travel through matter. This leads to the sharper lateral
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penumbra of heavy ion beams, exploited in the clinic by the fact that heavy ion beams can potentially
be placed closer to at risk organs laterally, while maintaining a high degree of organ sparing.

2.1.2. Dose Verification

Another potential clinical advantage of hadron therapy over X-rays is that while the energy
deposition to tissue via PhXRT is difficult to be directly verified during irradiation using modern
imaging techniques, this limitation may be overcome for heavy ions. As heavy ions (e.g., nuclei of
carbon atoms) travel through matter, both the ion projectiles and the traversed matter undergo nuclear
interactions. Some of these nuclear interactions produce positron emitting nuclei that can be imaged
by positron emission tomography (PET) scanners. The downside of these nuclear interactions is the
production of low Z fragments that have a large forward momentum, and can travel beyond the range
where the incident therapeutic nuclei stop. This overshoot is what causes the existence of a low dose
and low LET tail beyond the Bragg peak.

2.1.3. Superior LET

The final potential clinical advantage of hadron therapy is that they utilize heavy charged particles
with superior LET values greater than photons or protons. The LET of a particle is determined primarily
by its charge and speed. Ionizing radiation can be either high- (densely ionizing) or low-LET (sparsely
ionizing). Photons are generally considered low-LET radiation with a broad distribution of dose within
tissue peaking relatively near the surface [12]. Heavier charged particles can be either high- or low-LET
depending on their speed. At the entrance region in tissue they have lower LET values due to their
high speeds, with increasing LET values at lower kinetic energies as the particle comes to rest in deeper
regions where the tumor is located. The clinical manifestation of this is that even if proximal tissues
receive some dose, at shallower depths, the particles traversing these tissues are of a lower-LET and
are therefore less damaging than the high LET portion of the track that is strategically placed into the
tumor region. The distribution of dose on nanometer and micrometer scales, resulting from particles
with high LET values, is the consequence of large clusters of ionization events along the particle track
resulting from direct or collisional events (densely ionizing). This event, which portends a drastically
increased micro-dosimetry, results in what is considered to be a much more complex damage to the
DNA and to the other relevant biomolecules and, thus, can lead to more consequential biological
effects when compared to low-LET radiation.

2.2. Biological Rationale: Relative Biological Effectiveness, Complex DNA Damage, and Oxygen
Enhancement Ratio

While absorbed dose is a physical unit quantifying the amount of energy deposited as ionization
events in tissues, the biological consequences of equivalent absorbed doses resulting from low- vs.
high-LET IR can be vastly different. To compare the efficacy of different radiation types, the concept of
relative biological effectiveness (RBE) has been developed. RBE is defined as the ratio of the amount of
dose from a test radiation required to generate the same biological endpoint (usually cell killing) relative
to a reference radiation (usually 250 kVp X-rays or Co-60 γ-rays) [1,13,14]. Therefore, radiation beams
with higher RBE values are more effective at producing biological effects at equivalent doses. Photons,
by definition are generally regarded as having an RBE of 1, regardless of energy. The commonly
reported RBE for protons, calculated at 10% survival, is generally considered ~1.1 [8,15]. However,
because past experiments were conducted under a broad range of inconsistent conditions and because
of the large variability of results, this value is not considered definitive [8,16,17]. The accepted RBE
for C-ions used in clinical RT is generally estimated to be 2.5 to 3, however, values as high as 5 have
been reported [18]. RBE is a complex function of LET, particle type, dose per fraction, tissue and
cell type, oxygenation state, cell cycle phase, and the endpoint examined. Thus, for C-ions, RBE is
variable and increases as a function of depth, with its highest value at the distal edge of the Bragg
peak. The distribution of RBE for other ions such as helium, oxygen, and neon corresponds to different
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portions of the Bragg peak. However, further experimentation and larger data sets are required to
obtain the accurate RBE values for protons and heavier ions so that they can be clinically applied into
treatment planning systems.

Generally speaking, greater RBE values correlate with increasing LET with a maximum peak of
RBE observed at LET values of ~100 keV/µm (for C-ions). The biological mechanism underlying this
harkens back to the density of ionization events along the particle track where numerous chemical
changes to DNA can occur relatively close to other lesions (both spatially and temporally), resulting is
what is termed “complex DNA damage”. IR, whether it is sparsely or densely ionizing, is capable of
generating all known types of DNA lesions including single-strand breaks (SSBs), chemically altered
base lesions, abasic sites, interstrand crosslinks, intrastrand crosslinks, and most consequentially,
double-strand breaks (DSBs) [19–21]. Complex DNA damage, which is more commonly found along
the densely ionizing track of a high-LET particle, is generally regarded to be refractory to repair as it
involves the clustering of multiple types of DNA lesions in close proximity to one another, making
it difficult for a single DNA repair pathway to resolve the lesion [22]. This complex damage is likely
responsible for a substantial portion of the differences in RBE observed between high and low LET
radiation. We will discuss in greater depth the intricacies of the repair of these lesions and potential
avenues of therapeutic exploitation in later sections. Since complex DNA damage is difficult to repair,
it is believed that heavy ion therapy will effectively kill radio- and chemo-resistant tumors. Increased
tumor kill is likely due to the inability of DNA repair pathways to faithfully resolve these complex
lesions, leaving them unrepaired or misrepaired, often signaling for apoptosis. Additionally, particle
therapy is effective at cell killing irrespective of phase of the cell cycle [23,24], unlike photons, where
cells are more resistant in late S and G2 phases [25,26].

In addition to the damage caused to DNA and other relevant biomolecules by direct ionizing
events, a significant portion of the damage resulting from IR exposure for both high and low-LET
radiations is a result of the radiolysis of water and the generation of reactive oxygen species (ROS).
These ROS are able to diffuse throughout an aqueous solution and chemically damage DNA even
after the initial exposure and this is commonly referred to as “indirect damage”. One requirement for
maximum ROS-related damage is the presence of molecular oxygen, which fixes or makes permanent
the damage caused by ROS. Quantifying the effect of oxygen is done through the oxygen enhancement
ratio (OER). Similar in concept to RBE, the OER seeks to assess the amount of dose necessary to result
in an equivalent biological endpoint with or without the presence of oxygen [18]. The OER for low LET
photons and protons is generally estimated at 3, meaning that cell killing is roughly 3-fold greater in
normoxic vs. anoxic conditions. In contrast, the estimated OER for carbon and other heavy ions varies
with LET and can range from 2.5 to 1.0 depending upon the ion charge and LET [27]. This differential
cell killing may be at least partially explained by the increased hypoxia inducible factor-1α (HIF-1α)
expression after photon but not C-ion irradiation [28]. Therefore, high LET particles at the appropriate
LET (depths) are more effective at killing cells in the hypoxic, necrotic cores of tumors compared to
photons, lending particle therapy yet another biological advantage over photons.

3. Complex DNA Damage and Repair

3.1. Charged Particles and Track Structures

Humans are exposed to high charge and energy particles during hadron therapy with protons
and C-ions. Unlike low LET radiation, such as X- or γ-rays, that deposit their energy uniformly over
target tissue, heavy charged particles deposit significant amounts of energy along the traversal path
constituting a characteristic track structure (Figure 2A–C) [29]. The track structure typically consists of
a cylindrical “core” and an outer region denoted as “penumbra”. The bulk of the energy is deposited
in the central core of the charged particle track, while the penumbra region consists mainly of sparsely
ionizing electrons or δ-rays originating from ionization events in the track core. δ-rays or electrons
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induce simpler damage that is generally repaired efficiently, unlike charged particle interactions in the
core, which are generally more complex, requiring multiple DNA repair pathways to resolve.Cancers 2017, 9, 66  6 of 30 
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Inflammation” Radiat Res 2015; 183:1–26 and from Saha et al. “Biological Characterization of the Low-
Energy Ions with High-Energy Deposition on Human Cells” Radiat Res 2014; 182:282–291). ROS: 
reactive oxygen species. 
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irradiation leads to a large deposition of energy, resulting in the induction of clustered DNA damage 
(also termed multiple damage sites (MDS)). This is characterized by multiple DNA lesions within 
close proximity to one another (one or two turns of the DNA helix) [31–33]. DNA lesions found at 
clustered DNA damage sites can include double-strand breaks (DSBs) and non-DSB lesions like 
single-strand breaks (SSBs) and oxidative clustered DNA lesions (OCDLs), such as abasic sites, and/or 
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DNA repair markers including the γ-H2AX and 53BP1 proteins. This allows for the tracking and 
study of DNA repair events at these break sites. The fact that clustered DNA lesions are refractory to 
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periods after IR-induced damage has occurred. Indeed, the close proximity of these lesions was 
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for DSBs, SSBs, and base damages, respectively, at the sites of clustered DNA damage [22]. Ionizing 
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ions induce densely spaced DSBs and that multiple DSBs constitute an IRIF [39]. The larger γ-H2AX 
foci (Ø 700–1000 nm) induced following carbon irradiation contained elongated sub-foci (∼100 nm). 

Figure 2. (A) High- linear energy transfer (LET) radiation-induced DNA damage consists of clustered
lesions which eventually promote genomic instability and, if DNA repair is not successful, cell death.
(B and C) Simulated particle track projections of oxygen (B, upper panel) and silicon (C, upper
panel) beams. Immunofluorescence staining for the DNA damage protein γ-H2AX showing track
structures in human fibroblasts after oxygen (B, lower panel) and silicon (C, lower panel) beams.
(Permission was granted to adapt and re-publish these images from Sridharan et al. “Understanding
Cancer Development Processes after HZE-Particle Exposure: Roles of ROS, DNA Damage Repair and
Inflammation” Radiat Res 2015; 183:1–26 and from Saha et al. “Biological Characterization of the
Low-Energy Ions with High-Energy Deposition on Human Cells” Radiat Res 2014; 182:282–291). ROS:
reactive oxygen species.

3.2. LET and Clustered DNA Damage

The degree of DNA lesion complexity directly depends on the LET or ionization density of the
radiation [30]. Ionization events caused by photons (low LET) exhibit both a direct and indirect
component. Photons can directly deposit their energy uniformly to the DNA molecule, but typically
they induce DNA damage by indirectly interacting with biomolecules, resulting in the release of
secondary electrons which interact with water molecules to produce free radicals that chemically
damage DNA [26]. Typically, low LET irradiation results in simple DNA damage, which is a single
DNA lesion within one or two turns of the DNA helix. Conversely, high LET-charged particle radiation
primarily induces DNA damage by direct ionizations of the DNA molecule. High LET irradiation
leads to a large deposition of energy, resulting in the induction of clustered DNA damage (also termed
multiple damage sites (MDS)). This is characterized by multiple DNA lesions within close proximity to
one another (one or two turns of the DNA helix) [31–33]. DNA lesions found at clustered DNA damage
sites can include double-strand breaks (DSBs) and non-DSB lesions like single-strand breaks (SSBs)
and oxidative clustered DNA lesions (OCDLs), such as abasic sites, and/or base damages (oxidized
purines or pyrimidines) [34,35]. Track structures of charged particle irradiation can be visualized by
immunofluorescence techniques utilizing antibodies directed against DNA repair markers including
the γ-H2AX and 53BP1 proteins. This allows for the tracking and study of DNA repair events at
these break sites. The fact that clustered DNA lesions are refractory to repair can be assessed by
the persistence of DNA damage markers γ-H2AX and 53BP1 foci for long periods after IR-induced
damage has occurred. Indeed, the close proximity of these lesions was conclusively demonstrated
by co-localization of 53BP1, XRCC1, and hOGG1 foci, surrogate markers for DSBs, SSBs, and base
damages, respectively, at the sites of clustered DNA damage [22]. Ionizing radiation-induced foci
(IRIF) formed after high LET radiation are brighter and larger in dimension than those generated
following low LET radiation [36,37]. Although it is true that low LET radiations [38] exhibit a 1:1 ratio
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of IR-induced DSB to γ-H2AX foci, this is debatable for charged particle radiation. In fact, utilizing
super-resolution microscopy, it was recently shown that accelerated C-ions induce densely spaced
DSBs and that multiple DSBs constitute an IRIF [39]. The larger γ-H2AX foci (Ø 700–1000 nm) induced
following carbon irradiation contained elongated sub-foci (∼100 nm). These sub-foci contained even
smaller subfocus elements (Ø 40–60 nm), which were predicted to represent the local chromatin
structure of DSB repair units that accumulated at the sites of complex damage. However, whether
these sub-foci represent individual DSBs within a large focus is still an open question and warrants
further investigation. Along similar lines, utilizing high resolution transmission electron microscopy
(TEM) with gold-labeled DNA repair factors, a significantly higher yield of DSBs was reported with
high LET carbon ions as compared to low LET photons.

Local decondensation of heterochromatin (HC) along with the bending of foci tracks around
heterochromatic regions of chromatin occurs following charged particle damage [40]. Persistent DSBs
induced by carbon ion irradiation showed a predominantly HC localization, indicating that local
chromatin density at the sites of energy deposition defines the degree of clustering of high LET-induced
DNA damage. Since the clustered lesions in euchromatin are efficiently repaired after high-LET carbon
ion radiation, the persistence of DNA damage at HC regions is probably due to impinged access of
DNA repair machinery to these break sites, requiring extensive mechanisms for chromatin relaxation
to repair these breaks. Clustering of these DSBs after high-LET carbon ions makes DNA repair more
challenging [41]. More directed studies toward understanding the spatiotemporal repair dynamics of
carbon ion induced clustered DNA damage is essential for its continued and expanded utilization as a
hadron therapy tool in humans.

3.3. Clustered Damage, Chromosomes and DNA Repair

In response to clustered DNA damage, cells activate multiple DNA damage response repair
pathways. The most toxic of the DNA lesions are DSB, which if left unrepaired or are misrepaired can
result in genomic instability or cell death by a number of mechanisms including mitotic catastrophe,
apoptosis, or senescence. DSBs are repaired by three pathways: homologous recombination
(HR), non-homologous end joining (NHEJ), and alternative end joining (Alt-EJ). Repair of charged
particle/high LET radiation-induced complex DNA lesions is not well understood. It is unclear if cells
preferentially select a specific pathway to repair DSBs generated by high LET radiation, unlike low
LET radiation-induced DSBs, which are typically repaired by NHEJ or both NHEJ and HR if cells are in
S or G2 phases of the cell cycle (Figure 3). It has been proposed that complex DSBs generated by high
LET irradiation from very high Z particles are repaired by homologous recombination (HR) and not
NHEJ in mammalian cells [42]. It is believed that a large number of small DNA fragments generated
by charged particle radiation prevents the loading/binding of the Ku heterodimer, an NHEJ factor,
onto broken DNA ends, which leads to suppression of NHEJ-mediated repair of DSBs at clustered
damage sites [43]. Furthermore, a modulated response of the pro-HR and DNA end resection protein
Mre11 to high LET induced DNA ends has also been reported [44]. Early recruitment of the DNA
end resection and the DNA strand invasion proteins of the HR pathway along with Rad51 [37] occurs
at sites of clustered lesions, indicating that the HR pathway may be favored for the repair of heavy
charged particle-induced clustered DNA lesions. This is true as well for proton irradiation [45,46].
Indeed, mammalian cells deficient in HR factors like Rad51 paralogs are sensitive to heavy particle
radiation [42]. Nonetheless, recent reports have indicated that NHEJ may play a prominent role in
repair of carbon ion-induced damage [47,48]. Reduced survival and cytogenetic differences were
also observed between normal and NHEJ-deficient cells after charged particle radiation induced
damage [49–51]. It has been also shown that clustered DNA damage affects DNA damage response
by altering the ataxia telangiectasia mutated (ATM) to ataxia telangiectasia and Rad3 related (ATR)
transition at break sites along with persistent ATM/activating transcription factor 2 (ATF2) signaling,
a downstream substrate of ATM [52,53].
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Figure 3. Repair of high- and low-LET radiation-induced DNA damage. Low-LET radiation-induced 
DNA double-strand breaks (DSBs) are typically repaired by non-homologous end joining (NHEJ) or 
both NHEJ and homologous recombination (HR) if cells are in S or G2 phases of the cell cycle. The 
repair of complex DSBs generated by high LET radiation including carbon ions is poorly understood. 
The less efficient repair response after high-LET radiation leads to DNA damage remaining 
unrepaired for long periods of time and eventually may promote genome instability and cell death. 
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Figure 3. Repair of high- and low-LET radiation-induced DNA damage. Low-LET radiation-induced
DNA double-strand breaks (DSBs) are typically repaired by non-homologous end joining (NHEJ) or
both NHEJ and homologous recombination (HR) if cells are in S or G2 phases of the cell cycle. The repair
of complex DSBs generated by high LET radiation including carbon ions is poorly understood. The less
efficient repair response after high-LET radiation leads to DNA damage remaining unrepaired for long
periods of time and eventually may promote genome instability and cell death.

It is evident that the high RBE of charged particle radiation is due to the abundance of irreparable
breaks induced in the cells as compared to low LET radiation [33,54]. However, how these irreparable
breaks translate to high cell lethality is not well understood. Heavy ion radiation has been shown to
down-regulate pro-survival protein kinase B (AKT) signaling, which leads to activation of pro-death
signaling mechanisms such as autophagy and apoptosis [55]. Another potential mechanism for DNA
damage response to carbon ion radiotherapy (CIRT) is mitotic catastrophe. In a study of 20 different
human cancer cell lines exposed to cisplatin, PhXRT and/or C-ions, apoptosis and senescence were
common to all treatments but mitotic catastrophe was differentially triggered by CIRT [56]. The authors
argued that the less efficient repair of the more complex DSBs after CIRT leads to aberrant mitosis
and subsequent mitotic catastrophe. Similar dependence on mitotic catastrophe was reported in other
studies utilizing the radio-resistant HNSCC cell line SQ20B with emphasis on a sub-population of CIRT
resistant cells, likely cancer stem-like cells, which are able to escape this death mechanism and renter the
cell cycle due to increased self-renewal potential and reduced apoptotic machinery [57,58]. Clustered
DNA damage with dense IRIF along the particle track can dramatically increase the probability of
chromosomal aberrations compared to X-rays in human lymphocytes [59] and their hematopoietic
progenitors [60]. Extreme proximity of DSBs in clustered lesions may also give rise to increased
chromosomal rearrangements [61] which was in agreement with computational modeling data [62].
Utilizing cytogenetic techniques like G2 premature chromosome condensation (G2 PCC) and multicolor
banding fluorescence in situ hybridization (mFISH), it has been shown that charged particle radiation
is more effective at inducing chromosomal aberrations when compared to low LET radiation [63–66].
Cells harboring unrepaired breaks that move through the cell cycle uninhibited due to lack of proper G2
checkpoint activation propagate chromosomal aberrations or undergo mitotic catastrophe [22]. Many
other groups investigated the uniqueness of DNA damage and DNA damage response after heavy
particle irradiation. The impact of telomere length [67] and glutathione metabolism/depletion [68],
for example, were proposed as potential players in the differential response to particle radiation in
contrast to PhXRT.
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4. Preclinical Research in Carbon Ion Radiotherapy

Given the aforementioned physical, biophysical and biological characteristics of C-ion beams,
carbon ion radiotherapy (CIRT) has the potential to improve local control and reduce normal
tissue complications in treating cancer patients especially those with deep-seated and traditionally
radio-resistant tumors that have poor outcomes with standard therapies. Preclinical studies indicate
that CIRT may be able to overcome some of the factors that have traditionally limited the efficacy of
standard radiotherapy. For example, tumor heterogeneity is one determinant of local control after
radiation. Studies have revealed that CIRT significantly reduces the impact of tumor heterogeneity
on treatment efficacy. In one study, rat prostate tumors of varied histologic grades were exposed
to C-ions or PhXRT. The difference in local control was less dependent on tumor grade with CIRT
compared to PhXRT. Interestingly, RBE increased with increasing tumor grade indicating the suitability
of C-ions for treating tumors which have higher failure rates with conventional PhXRT [69]. This
increase in RBE is less about the effectiveness of carbon but more about the ineffectiveness of PhXRT
with increased tumor grade (heterogeneity). In addition, unlike PhXRT which has been shown to
enhance the migratory and invasiveness potential of various cancer cell lines, C-ions have consistently
been shown to decrease cell migration, invasion, and matrix metalloproteinase activity across different
cell lines and in in vivo tumor models [70–77]. CIRT has also been shown to modulate the immune
response to tumors in mice [78,79] but very little work has been done so far on the interaction of heavy
particle irradiation with the immune system. Indeed, more preclinical and translational research needs
to be done before CIRT achieves its promise. In this section, we will review few preclinical studies
aimed at understanding the mechanisms of CIRT in tumors with a special emphasis on DNA damage
and repair.

4.1. DNA Damage and Repair after CIRT in Select Preclinical Models

DNA damage and cellular repair capacity are major determinants of RBE and cell killing after
heavy particle therapy, including C-ions [80]. In a study from the Gunma University Heavy Ion
Medical Center, it has been demonstrated, using advanced high-resolution microscopy and 53BP1
staining in cervical cancer tissue, that CIRT induced more complex DSBs with larger and more clustered
53BP1 foci compared to PhXRT. The higher the LET was, the more complex the DNA damage became
with larger and more clustered DSBs. This was the first study to show increased complexity of
DSBs and its dependence on LET from human samples after CIRT [81]. Similarly, CIRT abrogated
the differential radiosensitivity of quiescent vs. proliferating cells in mice growing squamous cell
carcinomas. This effect was also dependent on LET [82]. CIRT was also shown to induce irreparable
DSBs, and thus cause increased cell kill in central nervous system (CNS) glioma patient-derived stem
and non-stem cells [83] and in neuroblastoma and glioblastoma cell lines compared to PhXRT [84].
However, it is important to point out that not all tumors demonstrate this enhanced radio-sensitivity
to C-ions. For example, patient-derived glioblastoma cell lines with high chromosomal instability and
dysfunctional ATM pathway signaling were shown to be resistant to CIRT [85].

4.2. LET-Dependent Differential Expression of DNA Repair Genes

Ionizing radiation activates a complex network of signaling pathways and induces a wide
array of transcriptional changes and gene expression. Multiple studies have demonstrated that
the genetic response to radiation is dependent on the energy deposited in tissue by the particular
radiation species. Many studies have shown that heavy ions induce a greater and differential
change in gene expression compared to PhXRT [86–89]. In all these studies, genes related to cellular
metabolism, cell/organelle organization, cell cycle and DNA damage and repair pathways are
commonly up-regulated/down-regulated after C-ion exposure. Interestingly, in a study on human
bronchial epithelial cells, changes in gene expression profiles were LET-dependent for some genes and
LET-independent for others [90]. These studies indicate that CIRT has a more robust impact on gene
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expression changes, compared to PhXRT. However, additional studies are required to further elucidate
the impact of these findings and to demonstrate the LET dependence in clinical studies.

4.3. CIRT and Chemotherapy

Conventional PhXRT has incorporated chemotherapy neoadjuvantly, concomitantly, and
adjuvantly in different clinical settings with variable outcomes. Indeed, many chemotherapeutic agents
such as cisplatin synergistically increase the efficacy of PhXRT. Very little is known, however, about
the safety and efficacy of combining chemotherapy with C-ions. Combining CIRT with chemotherapy
has only been used in a few patient cohorts undergoing CIRT [91–93]. Generally, chemotherapy
demonstrated additive cytotoxicity when combined with CIRT in in vitro experiments [94–98].
For example, combining CIRT with temozolomide (TMZ) led to additive cytotoxicity in glioblastoma
multiforme cell lines and the effect was independent of O6-methylguanine-DNA methyltransferase
(MGMT)-expression [99]. Docetaxel has shown synergistic suppression of growth on human
esophageal squamous cell carcinoma cells both in vitro and in vivo [100], and gemcitabine sensitized
S-phase cancer cells, otherwise radio-resistant, to C-ions [101]. Given the increased cell killing observed
in tumors, the fear of increased normal tissue toxicity when combining CIRT and chemotherapy needs
to be considered and studied. The limited clinical and pre-clinical experience available encourages
pursuing studies combining CIRT and dose-escalated systemic agents but extreme care should be
undertaken in such studies. It remains to be determined whether the high LET C-ions may obviate the
need for radio-sensitizing agents.

5. Clinical Experiences with CIRT

5.1. Brief History

Amongst the charged particles, protons and C-ions are the particles that have most widely
been studied in the clinical setting. Lawrence Berkeley National Laboratory (LBNL) treated the first
patients with protons, helium, and neon ions in 1954, 1957 and 1975, respectively. Unfortunately,
the LBNL cyclotron was closed in 1992 after pioneering the field of charged particle therapy. Loma
Linda (Fermilab) built the first proton beam radiotherapy facility with a rotating gantry in 1990.
In 1994, the National Institute of Radiological Sciences (NIRS) started treating patients with C-ion
beams in the Heavy Ion Medical Accelerator (HIMAC) in Chiba and thus pioneered CIRT world-wide.
The Gesellschaft für Schwerionenforschung (GSI) in Darmstadt, Germany treated their first patient
in 1997 with a dedicated medical irradiation room in which they developed and installed the first
C-ion scanning technique as well as an inline PET camera. Germany later built the Heidelberg
Ion Therapy Center (HIT) in 2009 which became the first C-ion facility with a 360◦ rotating gantry.
The National Institute of Radiological Sciences (NIRS) installed their superconducting rotating gantry
in 2015 [102]. Technological advancements in C-ion facilities, such as improved motion monitoring
and raster scanning, continue to improve treatment accuracy. Currently, there are 10 charged particle
radiotherapy centers actively treating patients and more in advanced planning or under development
around the world.

5.2. Clinical Rationale

As discussed earlier, C-ions have better dose distribution properties, high RBE, and the potential
for dose escalation to tumor, while still respecting normal tissue constraints [103]. Notably, ionization
density, linear energy transfer, and RBE are significantly higher, lateral scatter is significantly lower, and
the Bragg peak is tighter at beam edge for C-ions compared to protons (Figure 1B). Thus, C-ions have
potential to be an ideal heavy particle candidate for cancer treatment, and have significant potential to
overcome resistance afforded by DNA repair mechanisms. In addition, many CIRT paradigms involve
hypofractionation which improves efficiency and cost-effectiveness and reduces overall treatment
times [104,105]. That being said, the cost of building and maintaining CIRT centers is higher than for
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PhXRT or proton centers. The justification for further expanding such expensive treatments will in part
be based on positive clinical data from currently active centers in Japan, Germany, Italy, and China,
which would support the theoretical physical, biophysical, and biologic advantage touted in preclinical
studies. In the following section, we will review the historical data as well as the accumulating clinical
experiences reported using CIRT. The clinical data available thus far suggest reasonable outcomes in
even hard to treat tumors, such as those that are deep seated, critically located, traditionally thought
to be radio-resistant, or are recurrent and highly aggressive [106,107]. Representative current clinical
trials of CIRT-based treatments are summarized in Table 1.

Table 1. A list of selected open and/or recruiting clinical trials using carbon ion radiotherapy (CIRT)
alone or in combination with other treatment modalities. This list has been compiled using information
shared by Dr. Shigeru Yamada (National Institute of Radiological Sciences, NIRS) and Dr. Morihito
Takita (Ion Beam Radiation Oncology Center in Kanagawa, iROCK), and from information available
online on www.clinicaltrials.gov and www.umin.ac.jp/ctr. IMRT: intensity-modulated radiotherapy;
JCROS: Japan Carbon-Ion Radiation Oncology Study Group; PSA: prostate-specific antigen; GM-CSF:
granulocyte macrophage colony-stimulating factor.

Central Location Trial Name
(Group)

Cancer
Histology/Site Trial Design Trial Arms Primary End-Point

National Institute
of Radiological
Sciences, Chiba,

Japan

JCROS-1502
(Multi-institutional)

Pancreatic cancer,
T4M0 Phase II

Single arm: carbon ion
therapy (55.2 GyE/12

fractions) and
gemcitabine

2-year overall
survival

JCROS-1509
(Multi-institutional)

High-risk prostate
cancer Phase II

Single arm: carbon ion
therapy (51.6 GyE/12

fractions) and hormone
therapy

5-year biochemical
relapse-free

survival

Locally advanced
cervical

adenocarcinoma
Phase I/II

Single arm: carbon ion
therapy (20 fractions)

and concurrent cisplatin

Acute toxicity and
response rate

Esophageal
squamous cell

carcinoma, stage
II/III

Phase I/II

Single arm:
preoperative carbon ion
therapy (8 fractions) and
concurrent cisplatin and

5-FU, followed by
surgery

Acute toxicity and
response rate

Gunma University
Heavy Ion Medical

Center, Gunma,
Japan

JCROS-1505
(Multi-institutional)

Hepatocellular
carcinoma,
inoperable

Phase II

Single arm: carbon ion
therapy (60 GyE/4

fractions or 60 GyE/12
fractions if near
digestive tract)

3-year overall
survival

GUNMA-1102

Primary malignant
bone and soft tissue

tumor in the
childhood

Phase I Single arm: carbon ion
therapy

Acute complication
rate

GUNMA-0801
Rectal cancer,

post-operative
pelvic recurrence

Phase I/II Single arm: carbon ion
therapy in 16 fractions 3-year local control

GUNMA-0904
Primary malignant
bone and soft tissue

tumor
Phase I/II Single arm: carbon ion

therapy in 16 fractions 2-year local control

GUNMA-0703 Hepatocellular
carcinoma

Single arm: carbon ion
therapy in 4 fractions 3-year local control

Heavy Ion Medical
Accelerator

(HIMAT), Saga,
Japan

JCROS-1501
(Multi-institutional)

Lung cancer,
inoperable, stage I Phase II

Single arm: carbon ion
therapy (60 GyE/4

fractions)

3-year overall
survival

HIMAT-1351
Rectal cancer, local

recurrence after
surgery

Phase II Single arm: carbon ion
therapy 3-year local control

HIMAT-1341
Bone and soft tissue

sarcoma,
inoperable

Phase II Single arm: carbon ion
therapy 2-year local control

HIMAT-1342 Chordoma,
inoperable Phase II Single arm: carbon ion

therapy 2-year local control

www.clinicaltrials.gov
www.umin.ac.jp/ctr
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Table 1. Cont.

Central Location Trial Name
(Group)

Cancer
Histology/Site Trial Design Trial Arms Primary End-Point

HIMAT-1326 Pancreatic cancer,
locally advanced Phase II

Single arm: carbon ion
therapy with concurrent

chemotherapy

2-year overall
survival

Hepatocellular
carcinoma (>3 cm) Phase II Single arm: carbon ion

therapy in 4 fractions

3-year overall
survival and
cause-specific

survival

Hepatocellular
carcinoma (≤3 cm) Phase II Single arm: carbon ion

therapy in 2 fractions 3-year local control

Non-small cell lung
cancer, central,

stage I
Phase II Single arm: Carbon ion

therapy (12 fractions) 3-year local control

Non-small cell lung
cancer, peripheral,

stage I
Phase II Single arm: carbon ion

therapy (4 fractions) 3-year local control

Ion Beam Radiation
Oncology Center in

Kanagawa
(iROCK),

Kanagawa, Japan

iROCK-1601LI and
iROCK-1604LI

Hepatocellular
carcinoma Phase II

Single arm: carbon ion
therapy in 2 or

4 fractions
3-year local control

iROCK-1504LU
Non-small cell lung

cancer, small,
peripheral, stage IA

Non-randomized,
phase II

Arm 1: carbon ion
therapy Arm 2:

surgical resection

5-year overall
survival

iROCK-1605PA Pancreatic cancer,
locally advanced Phase II

Single arm: carbon ion
therapy (12 fractions)

and gemcitabine

3-year overall
survival

iROCK-1603HN
Mucosal malignant

melanoma of the
head and neck

Phase II

Single arm: carbon ion
therapy (16 fractions)

combined with
anti-tumor agents

3-year overall
survival

iROCK-1501PR Prostate cancer,
T1c-T3N0M0 Phase II Single arm: carbon ion

therapy (12 fractions)

5-year biochemical
relapse-free

survival

Prostate cancer,
T1b-T3N0M0 Phase II

Single arm: carbon ion
therapy (12 fractions)

with hormone therapy

5-year biochemical
relapse-free

survival

Non-squamous cell
carcinoma of head

and neck (no
melanoma nor

sarcoma)

Phase II Single arm: carbon ion
therapy (16 fractions) 3-year local control

Heidelberg
University,
Germany

HIT-1 Chordoma of the
skull base

Randomized,
phase III

Standard arm: proton
therapy Experimental

arm: carbon ion therapy

Local-progression-free
survival

CSP12C

Low and
intermediate grade
chondrosarcoma of

the skull base

Randomized,
phase III

Standard arm: proton
therapy Experimental

arm: carbon ion therapy

Local-progression-free
survival

ISAC Sacrococcygeal
chordoma Randomized

Standard arm: proton
therapy Experimental

arm: carbon ion therapy
Toxicity

ACCEPT Adenoid cystic
carcinoma Phase I/II

Single arm: cetuximab
and IMRT plus carbon

ion boost
Toxicity

Shanghai Heavy
Ion Center

Hepatocellular
carcinoma

Non-randomized,
phase II

Single arm: Carbon ion
therapy with GM-CSF

Progression-free
survival

Hepatocellular
carcinoma Phase I

Carbon ion therapy or
carbon plus proton

therapy depending on
proximity to bowel

Toxicity

Localized prostate
cancer Phase I/II Single arm: carbon

ion therapy Toxicity
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Table 1. Cont.

Central Location Trial Name
(Group)

Cancer
Histology/Site Trial Design Trial Arms Primary End-Point

Oligo-metastatic
prostate cancer Phase II

Single arm: carbon ion
therapy to prostate plus

chemotherapy or
hormonal therapy

Time to PSA relapse

Locally recurrent
nasopharyngeal

carcinoma

Non-randomized,
phase I/II

Single arm: carbon ion
therapy, 2.5 GyE or
3 GyE per fraction

Toxicity

National Center of
Oncological

Hadrontherapy
(CNAO), Italy

High risk prostate
cancer

Non-randomized,
phase II

Single arm: carbon ion
boost followed by

conventional photon RT
Toxicity

SACRO Localized sacral
chordoma Randomized

Standard arm: surgery
Experimental arm:

radiotherapy including
option for carbon

ion therapy

Relapse-free
survival

5.3. Clinical Experience by Disease Site

5.3.1. Osteosarcomas and Soft Tissue Sarcomas (STS)

Most of the published data on the use of CIRT for osteosarcomas and STS patients arise from
unresectable or recurrent patients who, otherwise, are considered incurable and have poor outcomes.
The Bone and Soft Tissue Sarcoma Working Group from the NIRS published initial results of a
phase I/II dose escalation trial on unresectable bone and soft tissue sarcomas treated with CIRT. Local
control and overall survival (OS) at 3 years were 73% and 46%, respectively, without grade > 3 acute
reactions [108]. NIRS also reported on their experiences with CIRT for unresectable retroperitoneal
sarcomas. Tumors treated included malignant fibrous histiocytoma (n = 6), liposarcoma (n = 3),
malignant peripheral nerve sheath tumors (n = 3), Ewing/Primitive neuroectodermal tumors (PNET)
(n = 2), and other histologies (n = 10). In total, 52.8 to 73.6 GyE in 16 fixed fractions were delivered
over 4 weeks. CIRT yielded 50% and 69% for overall survival and local control at 5 years, respectively.
No patients developed grade 3 or higher toxicities, and no gastrointestinal tract complications were
reported, with a median follow up of 36 months. These results are remarkable given that most series
involving surgical therapy with or without radiotherapy have reported 5-year OS and local control of
36–64% and 28–71%, respectively [109].

For unresectable osteosarcomas of the trunk, a retrospective review of 78 patients showed that
CIRT achieved a 5-year local control of 62% and overall survival of 33%. The majority of surviving
patients were pain-free and able to ambulate at 5 years. Grade 3 acute and late skin reactions were seen
in three patients and four patients, respectively. Grade 4 skin/soft tissue reaction requiring skin grafts
occurred in three patients. Two patients experienced delayed bone fractures requiring surgery [110].
For non-surgical extremity STS, experiences from NIRS on 17 patients with CIRT yielded 5-year
local control and overall survival of 76% and 56%, respectively [111]. For non-sacral unresectable
spinal sarcomas, the NIRS researchers reported their experience of 47 patients treated with CIRT with
impressive local control, overall survival and excellent functional outcomes as 78% of surviving patients
remained ambulatory without fatal toxicities. One patient had grade 3 late skin reaction and grade 4
late skin reaction, and one patient had a grade 3 late spinal cord reaction [112]. While it is difficult to
compare toxicities and outcomes between CIRT and other radiation modalities without prospective
randomized studies, it is worth mentioning that in a phase II study using photon/proton irradiation
for 50 patients with resectable and unresectable spine sarcomas, the grade 3 complication rate was 28%
and included neuropathies, erectile dysfunction, rectal bleeding and sacral insufficiency fractures [113].
For unresectable sacral chordomas, the NIRS experience of 188 patients with CIRT achieved 77%
and 81% 5-year local control and overall survival, respectively, while maintaining 97% ambulation
in surviving patients. Grade 3 peripheral nerve toxicity was seen in six patients, and grade 4 skin
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toxicity in two patients [114]. For unresectable non-skull base chondrosarcomas, the NIRS experience
of 75 patients with CIRT demonstrated 55% and 57% 5-year local control and overall survival, with
four patients reported as having experienced grade 3 or 4 skin/soft tissue late adverse effects [115].
A small retrospective study comparing surgery vs. CIRT for pelvic chondrosarcomas showed similar
survival but improved functional outcomes with CIRT [116]. At least one case report has shown the
successful treatment of primary cardiac angiosarcoma in a young female [117]. Similarly, CIRT yielded
favorable outcomes for unresectable Ewing’s sarcoma [118] and peripheral nerve sheath tumors [119]
in small case series. CIRT is also being investigated currently for unresectable osteosarcomas in a
prospective clinical trial [120]. Given the poor outcomes seen in these pathologies, particularly without
surgery, the above reported outcomes and toxicity profiles with CIRT demonstrate significant promise.

5.3.2. Head and Neck (Including Skull Base) Cancers

CIRT may provide significant benefit in head and neck cancers, given the abundance of histologies
resistant to conventional PhXRT in a small anatomic estate where normal tissue sparing becomes of
utmost importance. Initial data from the NIRS Working Group for Head Neck Cancers demonstrated
promising outcomes with reduced acute and late reactions for CIRT in the treatment of 236 patients
with head and neck melanoma, adenoid cystic carcinoma, adenocarcinoma, squamous cell carcinoma
and sarcoma [121]. CIRT has shown good local control in mucosal melanomas but long-term survival
is still poor, likely because of the high distant metastasis rate [122,123]. The NIRS Working Group
for Ophthalmologic Tumors published the long term outcomes of CIRT for choroidal melanoma
with excellent local control and eye retention rates [124]. The prospective phase II COSMIC trial
which evaluated combination IMRT and CIRT for incompletely resected and inoperable adenoid
cystic and other malignant salivary gland tumors showed 82% local control and 78% overall survival
at 3 years with acceptable toxicity [125]. Likewise, CIRT results have been published for locally
advanced squamous cell carcinoma of the ear [126], lacrimal gland carcinoma [127], mucosal malignant
melanoma [128], sinonasal adenocarcinoma [129] and base of tongue adenoid cystic carcinoma [130].

Results of early phase I/II trials on skull base tumors treated with raster scanning CIRT to a median
of 60 GyE from the GSI center were initially published in 2002 [131–133] and later updated [134–138].
At 5 years, local control and overall survival were 89% and 98% for chondrosarcomas and 70% and
88% for chordomas, respectively. At 10 years, local control and overall survival were 88% and 79% for
chondrosarcomas and 54% and 75% for chordomas, respectively. Acute and late toxicities were mild
with no grade > 3 reactions. In contrast, proton radiotherapy yielded overall survival of 62% and 91%
for skull base chordomas and chondrosarcomas, respectively, with a 5-year freedom from high grade
toxicity of 94% [139]. The Japanese Working Group for Head and Neck Cancers reported excellent
local control, overall survival and acceptable toxicity with CIRT in the treatment of unresectable bone
and STS of the head and neck [140]. Given these favorable results, many clinical trials are underway
for skull base chondrosarcomas [141], skull base chordomas [142], and recurrent nasopharyngeal
carcinomas [143], all tumors with less impressive outcomes with standard PhXRT.

5.3.3. Prostate Cancers

The earliest dose-escalation clinical trial was reported by the Working Group for genitourinary
(GU) Tumors at the NIRS with 96 T1b–T3 prostate cancer patients [144]. This study established optimal
technique (shrinking fields), dose and fractionation (66 GyE in 20 fractions over 5 weeks) regimens with
excellent outcomes. A follow up phase II efficacy study was then completed using the same treatment
regimen for 175 patients. Notably, hormonal therapy was used in high-risk patients. Results were very
promising including excellent biochemical freedom from progression, no grade ≥ 3 toxicities [145–147]
and excellent outcomes after salvage therapy for those who fail [148,149]. Recently, health-related
quality of life (HR-QoL) change patterns have been reported and revealed initial decrement in quality
of life (QoL) scores with subsequent improvement to baseline levels [150]. Interestingly, shorter course
regimens (57.6 GyE in 16 fractions or 51.6 GyE in 12 fractions) have also shown promising results
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but long-term outcomes are still pending [151,152]. The best evidence supporting the use of CIRT in
prostate cancer comes from a large multi-institutional retrospective analysis of 2157 patients treated in
the CIRT centers in Chiba, Gunma and Saga in Japan [153]. Over half of the patients had high-risk
prostate cancer and one third had intermediate-risk cancer. All patients received hypofractionated
therapy. The results were excellent for all groups, but most interestingly were the remarkable 92% and
99% 5-year biochemical recurrence-free survival and cancer-specific survival of the high-risk group.
Additionally, there were no grade ≥ 3 toxicities. Clearly, CIRT brings a tremendous benefit to high-risk
patients whose overall outcomes are inferior with PhXRT. Phase III clinical trials are needed but the
ethical question of randomizing high-risk patient to PhXRT in such trials needs to be addressed first.
Further improvements in CIRT include a further reduction in the number of fractions, spacer gel use
and possibly urethral-sparing and nerve-sparing treatment planning.

5.3.4. Cervical Cancers

Chemotherapy and radiotherapy (external beam plus brachytherapy) is the standard of care for
locally advanced cervical cancer (LACC) [154]. Initial studies on LACC from the NIRS used CIRT (to
the pelvis with boost to the gross tumor) alone without brachytherapy or concurrent chemotherapy.
C-ions were initially believed to compensate for the absence of chemotherapy and brachytherapy given
their high RBE, sharp Bragg peak and shorter overall treatment times, especially in the absence of data
on the safety of CIRT in combination with chemotherapy or brachytherapy. The first dose escalation
results were reported on 44 stage IIIB and IVA squamous cell carcinoma patients [155]. Treatment was
delivered in 24 fractions over 6 weeks. Local control results were promising but there was an 18% risk
of major late gastrointestinal toxicity (mostly bleeding). After further study of dosimetry as it related
to toxicities, it was concluded that shrinking field technique, and limitation of bowel Dmax to < 60 GyE
should be considered. A repeat dose-escalation study established 72 GyE in 20 fractions as standard
dose for LACC with promising oncologic outcomes and no grade ≥ 2 toxicities [156]. Similar results
were achieved for locally advanced adenocarcinoma of the cervix [157]. The risk of para-aortic lymph
node failure with or without distant metastases was high in these initial studies [158]. A significant
improvement in local control and overall survival was achieved with the addition of prophylactic
para-aortic field irradiation (39 GyE in 13 fractions to the extended field and 72 GyE in 20 fractions to
the gross tumor) in patients with stage IIB, IIIB and IVA patients without any grade ≥ 3 toxicities [159].
Still, 30% of these patients developed distant metastases. In a separate report on 29 patients with
LACC and bladder invasion, CIRT showed favorable outcomes compared to historical controls treated
with PhXRT. In this study, eight patients developed grade 3 bladder complications and four patients
had grade 4 rectal toxicities. Notably, four patients received concurrent weekly cisplatin without any
particular increased complication rate [92].

5.3.5. Hepatocellular Carcinomas (HCC)

HCC is the third leading cause of cancer death world-wide especially in areas of high hepatitis
B and C prevalence. There are many treatment options for HCC but, short of liver transplantation,
the benefit of all these treatments is transient and the overall survival is grave. The major limitation,
in addition to the advanced nature of disease at presentation especially in developing nations, is the
degree of liver cirrhosis, making any compromise of liver function (for example, radiation-induced
hepatic insufficiency) in the non-cancerous liver tissue possibly fatal. Stereotactic body radiation
therapy (SBRT) has shown improved tolerability and outcomes compared to conventional PhXRT [160].
Still, long-term outcomes are poor. The initial dose-escalation clinical trial from the Liver Cancer
Working Group at the NIRS showed that CIRT (15 fractions in 5 weeks) is feasible, well tolerated and
provides favorable outcomes for a group of stage II, III, and IV HCC patients who are recurrent after
initial treatment or deemed not amenable to any other treatment approach [161]. Follow up clinical
trials investigated 12, 8, 4 and 2 fractions with excellent outcomes [162,163]. The HIT German group is
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conducting the PROMETHEUS-01 phase I dose escalation clinical trial using raster scanning CIRT for
HCC and the initial results reported appear to be promising [164,165].

Two additional studies are worth reporting. A dosimetric study from the NIRS showed improved
conformity and reduced liver and bowel doses in CIRT planning compared to SBRT plans [166]. A
meta-analysis by the Shanghai Heavy Ion Center demonstrated that charged particle radiotherapy had
superior survival, local control and toxicity compared to conventional PhXRT. However, oncologic
outcomes were comparable to SBRT [167].

5.3.6. Pancreatic Cancers

Pancreatic cancer is the fifth leading cause of death world-wide. Surgery is the only curative
treatment but it only applies to a small number of cases as the majority of patients usually present with
advanced unresectable disease. Given their high levels of hypoxia and radioresistance, local failure
remains a major form of recurrence [168] and thus, CIRT with its improved RBE and advantageous
OER, is an attractive treatment approach for these patients. In a recent report from the NIRS Working
Group for Pancreas Cancer, CIRT in combination with Gemcitabine was used to treat unresectable
locally advanced pancreatic cancers (LAPC). Both CIRT and gemcitabine (weekly for 3 weeks) were
dose escalated. Radiation was safely delivered to 55.2 GyE in 12 fractions over 3 weeks before any
dose-limiting toxicity. Gemcitabine was also escalated to 1000 mg/m2. The 2-year survival was 48%
with excellent tolerability at this dose level [91]. Gastric ulceration was uncommon after CIRT for these
patients [169]. The NIRS group also tested CIRT as a pre-operative strategy for potentially resectable
pancreatic cancer in 8 fractions over 2 weeks. Treatments were well tolerated and overall survival was
52% at 5 years. While distant failure was high, none of the patients experienced local failure [170].
The HIT German group is currently testing CIRT using raster scanning for advanced pancreatic cancer
patients with concurrent and adjuvant gemcitabine: the PHOENIX-01 study [171].

5.3.7. Glioblastoma (GBM)

GBM remains a difficult tumor to treat with poor prognosis despite using multimodality therapy
which could include surgery, PhXRT and temozolomide [172]. The initial results of treatment of these
high-grade gliomas were reported in 2007 by the NIRS Organizing Committee of the CNS tumor
Working Group [173]. CIRT was used as a boost after conventional PhXRT to 50 Gy in 25 fractions.
Concurrent nimustine hydrochloride (ACNU) was used. CIRT dose was escalated from 16.8 to 24.8 GyE
in 10% incremental steps, without any acute or late grade > 2 complications. Median survival for GBM
was 26 months in the high-dose arm. Based on promising data with CIRT [174], the HIT German group
is comparing CIRT boost to proton boost after surgical resection and conventional chemoradiation
(50 Gy with temozolomide) in patients with GBM: the phase II CLEOPATRA study [175].

5.3.8. Pediatric Cancers

There have not yet been any published clinical trials specifically dedicated for CIRT in pediatric
patients. Of 394 patients treated at GSI between 1997 and 2007, only 17 were ≤ 21 year old and all of
them were treated for chordomas or low-grade chondrosarcomas of the skull base with excellent
outcomes and minimal toxicity [176]. The HIT also published on the treatment of 36 pediatric
patients with a median age of 12 years with variety of tumor types (including pilocystic astrocytoma,
rhabdomyosarcoma, chordoma, osteosarcoma, angiofibroma of the nasopharynx, and adenoid cystic
carcinoma) and reported favorable outcomes and acceptable toxicities [177].

5.3.9. Recurrent and Previously Irradiated Cancers

Treatment of locally recurrent tumors with or without prior PhXRT is challenging given the
increased tumor resistance after recurrence and the difficulty in achieving normal tissue dose
constraints in previously irradiated tumors. CIRT thus is an attractive tool for such cases. The HIT
team reported results of re-irradiation using CIRT for 52 patients with adenoid cystic carcinoma of
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the head and neck. Treatments were well tolerated without grade > 2 toxicity and with excellent
control and survival rates [178]. The NIRS group reported an interesting phase I/II CIRT dose
escalation study on recurrent, previously resected but not irradiated, rectal cancers. Dose was
escalated to 73.6 GyE in 16 fractions over 4 weeks without grade > 3 toxicities and with excellent
local control [179]. Based on initial results of re-irradiating recurrent rectal cancers [180], the HIT
German group is currently investigating using CIRT as a re-irradiation strategy for previously
irradiated rectal cancer: the PANDORA-01 study [181]. CIRT has been also investigated for
recurrent sacrococcygeal chordomas [182], recurrent lacrimal carcinomas [127], recurrent skull base
tumors [183], recurrent lung metastasis [184], and recurrent nasopharyngeal carcinomas [143], among
many others [185,186]. The HIT German group is also investigating the use of intensity modulated
raster-scanning CIRT re-irradiation in patients with recurrent high-grade gliomas compared to
photon-fractionated stereotactic radiotherapy: the CINDERELLA trial [187].

5.4. Cost-Effectiveness of Carbon Ion Radiotherapy

Despite the described benefits and promising preclinical and clinical data to date, CIRT remains
limited to 10 centers worldwide. The biggest obstacle for the wide-spread adoption of CIRT is the
initial investment in building C-ion centers and the costs of maintenance and treatments. Only a few
studies have evaluated the cost-effectiveness of CIRT. In one study, CIRT was shown to have lower
overall costs compared to PhXRT for patients with skull base chordomas assuming that C-ions achieve
a local control of about 70%. The incremental cost-effectiveness ratio for such treatments was estimated
at about €7500 per additional life-year [188]. Similarly, CIRT was found to be a cost-effective treatment
as compared to multi-modality treatment in locally recurrent rectal cancer [189]. In another analysis
however, it was recommended that CIRT not be adopted as standard therapy for stage I non-small
cell lung cancer given the unclear benefit, and considerable uncertainty and multiple variables in
the decision-making for these patients, which leads to a questionable cost–benefit advantage [190].
However, more recent data from the NIRS showed remarkable local control for single-fraction CIRT in
the treatment of stage T1 and T2 non-small cell lung cancer, which may in the future lead us to re-assess
our thinking on this issue [191]. To put things into perspective, the cost of establishing a CIRT center
in the United States is dwarfed by the annual revenues estimated for novel immunotherapies, some of
which exceed hundreds of millions of dollars in annual sales for a single agent. In summary, continued
studies on the cost-effectiveness of CIRT are needed but indeed the utility of these studies is limited
by the quality of data available for each specific cancer sub-site and the high number of unknown
variables that will have to be estimated in the decision-making for the management of these patients.

5.5. Carcinogenesis after Carbon Ion Radiotherapy

The risk of secondary malignancies after CIRT has not been reported yet likely due to the long
latency of inducing second cancers and the relatively short follow up accumulated so far in treating
patients with CIRT. Animal models have been sparingly used to understand the biology of heavy ion
radiation-induced second cancers. In investigating the risk of secondary malignancies after CIRT, one
group studied the inter- and intra-change cytogenetic damage in blood samples of patients receiving
IMRT alone or IMRT and CIRT boost for prostate cancer at the HIT and GSI in 2006. Interestingly,
there were no differences in the quality or quantity of chromosomal damage between the two arms.
The group concluded that there is no difference in the risk of late normal tissue complications or
secondary malignancies with CIRT [192]. Another group from the NIRS analyzed the genomes of
T-cell lymphomas arising in mice after CIRT and PhXRT. It was noted that while these second tumors
share many common mutations, large interstitial chromosomal mutations were far more common
in C-ion induced secondary cancers [193]. In the absence of solid clinical data, another approach to
estimate the risk of secondary cancers after CIRT relies on mathematical modeling [194]. Using the
linear quadratic or the linear-no-threshold models for example, the risk of secondary breast cancers
was estimated to be comparable in Hodgkin’s lymphoma patients treated with proton or carbon ion
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radiotherapy [195]. In any case, understanding the biology of secondary malignancies after CIRT and
estimating the clinical risk of this normal tissue complication from multi-institutional patient data is a
cornerstone in establishing the case for CIRT.

5.6. Opportunities for Further Improving Efficacy of CIRT in the Clinic

As discussed above, the contribution of different pathways (NHEJ and HR) in the repair of charged
particle radiation damage is still an open question that warrants extensive mechanistic elucidation.
Inducing combined lethality by selectively inhibiting the NHEJ or HR pathway components following
charged particle radiation damage represents an enticing and promising combined modality therapy
to enhance the treatment of primary tumors [47,48]. In addition, the determination of tumoral genetic
heterogeneity coupled with an increased understanding of individual variations in susceptibility
provides unique exploitable opportunities to increase the functionality and efficacy of heavy ion
therapy. Along these lines, defects in the fanconi anemia/breast cancer associated-1 (FA/BRCA1)
pathway proteins have been implicated as sensitizing factors for proton irradiation [196]. In addition,
the increased sensitivity of the generally radio-resistant cancer stem-like cell populations (CSCs) to
C-ion irradiation is also a promising avenue [197–199]. It is also important to determine the contribution
of alternate non-homologous end joining (A-NHEJ)/microhomology-mediated end joining (MMEJ)
pathway in repair of clustered DNA in non-dividing G0/G1 phase cells [200], which may shed some
light on the mechanisms used to repair clustered damage in the absence of both classical NHEJ and
HR. Thus, the efficacy of combining DNA repair pathway-specific inhibitors, cytotoxic chemotherapy
agents, and/or immune-modulators with C-ion therapy needs to be evaluated.

6. Future Promises and Concluding Remarks

Heavy ion RT, including CIRT, represents a promising and revolutionary therapeutic modality
that may provide additional benefits to treat tumors that are traditionally thought to be incurable with
current standard modalities. Accumulated clinical evidence demonstrates that CIRT has significant
advantages over conventional photon and even proton therapy, however, the lack of available
experimental, pre-clinical, and patient data resulting from limited access to carbon centers and patient
facilities makes a direct comparison difficult. Conversely, the relative high cost of building and
maintaining a CIRT facility precludes most hospitals and universities from establishing heavy ion
centers. Furthermore, due to the high cost of treating patients with CIRT, a large amount of research is
necessary to identify those patient groups that will benefit the most. Thus, well designed pre-clinical
studies aimed at gaining deeper insights into the radiobiological mechanisms of CIRT are necessary.

Any endeavor to increase the understanding of CIRT needs to start with greater availability and
accessibility for scientists, clinicians and patients to heavy ion radiotherapy facilities, particularly in
North America, where to-date none exists. Future needed studies include thoroughly investigating
beam line characterization and dose distribution dynamics, including a more thorough characterization
of the SOBP, and improving the accuracy of algorithms used to calculate absorbed dose and perform
treatment planning. In addition, improvements in biophysical modeling can translate into LET
painting-based treatment planning. Second, a more thorough understanding of the basic radiobiology
of heavy ion irradiation, with special attention to DNA repair pathways, needs to be conducted and
means to apply these concepts clinically need to be elucidated. Further, prospective, well designed
clinical studies need to be conducted to identify patients who would garner the most benefit from CIRT.
Translational efforts should include investigation of systemic therapy agents to enhance CIRT-based
treatments, and determination of biomarkers of response to CIRT-based therapy. Clinically, more
hypofractionation-based protocols are needed to further improve outcomes and make the case for
CIRT as a cost-effective modality. In summary, CIRT is a promising and exciting modality for cancer
therapeutics, with potential to overcome inherent problems related to treatment resistance including
effective DNA repair mechanisms invoked in some of the most difficult to treat tumors. Furthermore,
physical/biological properties of CIRT may afford not only improvement in tumor kill, but may also
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improve normal tissue response leading to better outcomes and tolerance, and potentially translating
into an improvement in quality of life of cancer patients.

Acknowledgments: The authors would like to thank Tadashi Kamada, Shigeru Yamada, Yusuke Demizu,
Morihito Takita, Susan M. Bailey, Debabrata Saha, and Elizabeth Polsdofer for their time and comments.

Conflicts of Interest: The authors declare no conflict of interests.

References

1. Schulz-Ertner, D.; Jakel, O.; Schlegel, W. Radiation therapy with charged particles. Semin. Radiat. Oncol. 2006,
16, 249–259. [CrossRef] [PubMed]

2. Pompos, A.; Durante, M.; Choy, H. Heavy Ions in Cancer Therapy. JAMA Oncol. 2016, 2, 1539–1540.
[CrossRef] [PubMed]

3. Wilson, R.R. Radiological use of fast protons. Radiology 1946, 47, 487–491. [CrossRef] [PubMed]
4. Allen, C.; Borak, T.B.; Tsujii, H.; Nickoloff, J.A. Heavy charged particle radiobiology: Using enhanced

biological effectiveness and improved beam focusing to advance cancer therapy. Mutat. Res. 2011, 711,
150–157. [CrossRef] [PubMed]

5. Jereczek-Fossa, B.A.; Krengli, M.; Orecchia, R. Particle beam radiotherapy for head and neck tumors:
Radiobiological basis and clinical experience. Head Neck 2006, 28, 750–760. [CrossRef] [PubMed]

6. Jermann, M. Particle Therapy Statistics in 2014. Int. J. Part. Ther. 2015, 2, 50–54. [CrossRef]
7. Particle Therapy Patient Statistics (per end of 2015). Available online: https://www.ptcog.ch/archive/

patient_statistics/Patientstatistics-updateDec2015.pdf (accessed on 27 March 2017).
8. Mohan, R.; Grosshans, D. Proton therapy—Present and future. Adv. Drug Deliv. Rev. 2017, 109, 26–44.

[CrossRef] [PubMed]
9. Bragg, W. On the ionization of various gases by the alpha particles of radium. Proc. Phys. Soc. Lond. 1907,

523–550.
10. DeLaney, T. Proton and Charged Particle Radiotherapy; Lippincott, Williams and Wilkins: Philidephia, PA,

USA, 2007.
11. Lomax, A.J. Charged particle therapy: The physics of interaction. Cancer J. 2009, 15, 285–291. [CrossRef]

[PubMed]
12. Weber, U.; Kraft, G. Comparison of carbon ions versus protons. Cancer J. 2009, 15, 325–332. [CrossRef]

[PubMed]
13. Uzawa, A.; Ando, K.; Koike, S.; Furusawa, Y.; Matsumoto, Y.; Takai, N.; Hirayama, R.; Watanabe, M.;

Scholz, M.; Elsasser, T.; et al. Comparison of biological effectiveness of carbon-ion beams in Japan and
Germany. Int. J. Radiat. Oncol. Biol. Phys. 2009, 73, 1545–1551. [CrossRef] [PubMed]

14. Fokas, E.; Kraft, G.; An, H.; Engenhart-Cabillic, R. Ion beam radiobiology and cancer: Time to update
ourselves. Biochim. Biophys. Acta 2009, 1796, 216–229. [CrossRef] [PubMed]

15. Paganetti, H. Significance and implementation of RBE variations in proton beam therapy. Technol. Cancer
Res. Treat. 2003, 2, 413–426. [CrossRef] [PubMed]

16. Paganetti, H. Relative biological effectiveness (RBE) values for proton beam therapy. Variations as a function
of biological endpoint, dose, and linear energy transfer. Phys. Med. Biol. 2014, 59, R419–R472. [CrossRef]
[PubMed]

17. Paganetti, H.; Niemierko, A.; Ancukiewicz, M.; Gerweck, L.E.; Goitein, M.; Loeffler, J.S.; Suit, H.D. Relative
biological effectiveness (RBE) values for proton beam therapy. Int. J. Radiat. Oncol. Biol. Phys. 2002, 53,
407–421. [CrossRef]

18. Weyrather, W.K.; Debus, J. Particle beams for cancer therapy. Clin. Oncol. 2003, 15, S23–S28. [CrossRef]
19. Blaisdell, J.O.; Harrison, L.; Wallace, S.S. Base excision repair processing of radiation-induced clustered DNA

lesions. Radiat. Prot. Dosim. 2001, 97, 25–31. [CrossRef]
20. Harrison, L.; Hatahet, Z.; Purmal, A.A.; Wallace, S.S. Multiply damaged sites in DNA: Interactions with

Escherichia coli endonucleases III and VIII. Nucl. Acids Res. 1998, 26, 932–941. [CrossRef] [PubMed]
21. Ward, J.F. DNA damage produced by ionizing radiation in mammalian cells: Identities, mechanisms of

formation, and reparability. Prog. Nucl. Acid Res. Mol. Biol. 1988, 35, 95–125.

http://dx.doi.org/10.1016/j.semradonc.2006.04.008
http://www.ncbi.nlm.nih.gov/pubmed/17010908
http://dx.doi.org/10.1001/jamaoncol.2016.2646
http://www.ncbi.nlm.nih.gov/pubmed/27541302
http://dx.doi.org/10.1148/47.5.487
http://www.ncbi.nlm.nih.gov/pubmed/20274616
http://dx.doi.org/10.1016/j.mrfmmm.2011.02.012
http://www.ncbi.nlm.nih.gov/pubmed/21376738
http://dx.doi.org/10.1002/hed.20448
http://www.ncbi.nlm.nih.gov/pubmed/16804876
http://dx.doi.org/10.14338/IJPT-15-00013
https://www.ptcog.ch/archive/patient_statistics/Patientstatistics-updateDec2015.pdf
https://www.ptcog.ch/archive/patient_statistics/Patientstatistics-updateDec2015.pdf
http://dx.doi.org/10.1016/j.addr.2016.11.006
http://www.ncbi.nlm.nih.gov/pubmed/27919760
http://dx.doi.org/10.1097/PPO.0b013e3181af5cc7
http://www.ncbi.nlm.nih.gov/pubmed/19672144
http://dx.doi.org/10.1097/PPO.0b013e3181b01935
http://www.ncbi.nlm.nih.gov/pubmed/19672150
http://dx.doi.org/10.1016/j.ijrobp.2008.12.021
http://www.ncbi.nlm.nih.gov/pubmed/19306751
http://dx.doi.org/10.1016/j.bbcan.2009.07.005
http://www.ncbi.nlm.nih.gov/pubmed/19682551
http://dx.doi.org/10.1177/153303460300200506
http://www.ncbi.nlm.nih.gov/pubmed/14529306
http://dx.doi.org/10.1088/0031-9155/59/22/R419
http://www.ncbi.nlm.nih.gov/pubmed/25361443
http://dx.doi.org/10.1016/S0360-3016(02)02754-2
http://dx.doi.org/10.1053/clon.2002.0185
http://dx.doi.org/10.1093/oxfordjournals.rpd.a006634
http://dx.doi.org/10.1093/nar/26.4.932
http://www.ncbi.nlm.nih.gov/pubmed/9461450


Cancers 2017, 9, 66 20 of 30

22. Asaithamby, A.; Hu, B.; Chen, D.J. Unrepaired clustered DNA lesions induce chromosome breakage in
human cells. Proc. Natl. Acad. Sci. USA 2011, 108, 8293–8298. [CrossRef] [PubMed]

23. Bird, R.P.; Burki, H.J. Survival of synchronized Chinese hamster cells exposed to radiation of different
linear-energy transfer. Int. J. Radiat. Biol. Relat. Stud. Phys. Chem. Med. 1975, 27, 105–120. [CrossRef]
[PubMed]

24. Wang, H.; Liu, S.; Zhang, P.; Zhang, S.; Naidu, M.; Wang, H.; Wang, Y. S-phase cells are more sensitive
to high-linear energy transfer radiation. Int. J. Radiat. Oncol. Biol. Phys. 2009, 74, 1236–1241. [CrossRef]
[PubMed]

25. Tamulevicius, P.; Wang, M.; Iliakis, G. Homology-directed repair is required for the development of
radioresistance during S phase: Interplay between double-strand break repair and checkpoint response.
Radiat. Res. 2007, 167, 1–11. [CrossRef] [PubMed]

26. Hall, E.; Giaccia, A. Radiobiology for the Radiologist; Lippincott Williams & Wilkins: Philadelphia, PA,
USA, 2012.

27. Tinganelli, W.; Ma, N.Y.; Von Neubeck, C.; Maier, A.; Schicker, C.; Kraft-Weyrather, W.; Durante, M. Influence
of acute hypoxia and radiation quality on cell survival. J. Radiat. Res. 2013, 54 (Suppl. 1), i23–i30. [CrossRef]
[PubMed]

28. Wozny, A.S.; Lauret, A.; Battiston-Montagne, P.; Guy, J.B.; Beuve, M.; Cunha, M.; Saintigny, Y.; Blond, E.;
Magne, N.; Lalle, P.; et al. Differential pattern of HIF-1alpha expression in HNSCC cancer stem cells after
carbon ion or photon irradiation: One molecular explanation of the oxygen effect. Br. J. Cancer 2017, 116,
1340–1349. [CrossRef] [PubMed]

29. Plante, I.; Ponomarev, A.; Cucinotta, F.A. 3D visualisation of the stochastic patterns of the radial dose in
nano-volumes by a Monte Carlo simulation of HZE ion track structure. Radiat. Prot. Dosim. 2011, 143,
156–161. [CrossRef] [PubMed]

30. Hada, M.; Sutherland, B.M. Spectrum of complex DNA damages depends on the incident radiation.
Radiat. Res. 2006, 165, 223–230. [CrossRef] [PubMed]

31. Chatterjee, A.; Holley, W.R. Biochemical mechanisms and clusters of damage for high-LET radiation.
Adv. Space Res. 1992, 12, 33–43. [CrossRef]

32. Ward, J.F. Biochemistry of DNA lesions. Radiat. Res. Suppl. 1985, 8, S103–S111. [CrossRef] [PubMed]
33. Ward, J.F. The complexity of DNA damage: Relevance to biological consequences. Int. J. Radiat. Biol. 1994,

66, 427–432. [CrossRef] [PubMed]
34. Hada, M.; Georgakilas, A.G. Formation of clustered DNA damage after high-LET irradiation: A review.

J. Radiat. Res. 2008, 49, 203–210. [CrossRef] [PubMed]
35. Sutherland, B.M.; Bennett, P.V.; Schenk, H.; Sidorkina, O.; Laval, J.; Trunk, J.; Monteleone, D.; Sutherland, J.

Clustered DNA damages induced by high and low LET radiation, including heavy ions. Phys. Med. 2001, 17
(Suppl. 1), 202–204. [PubMed]

36. Ibanez, I.L.; Bracalente, C.; Molinari, B.L.; Palmieri, M.A.; Policastro, L.; Kreiner, A.J.; Burlon, A.A.; Valda, A.;
Navalesi, D.; Davidson, J.; et al. Induction and rejoining of DNA double strand breaks assessed by H2AX
phosphorylation in melanoma cells irradiated with proton and lithium beams. Int. J. Radiat. Oncol. Biol. Phys.
2009, 74, 1226–1235. [CrossRef] [PubMed]

37. Saha, J.; Wilson, P.; Thieberger, P.; Lowenstein, D.; Wang, M.; Cucinotta, F.A. Biological characterization of
low-energy ions with high-energy deposition on human cells. Radiat. Res. 2014, 182, 282–291. [CrossRef]
[PubMed]

38. Sedelnikova, O.A.; Rogakou, E.P.; Panyutin, I.G.; Bonner, W.M. Quantitative detection of (125)IdU-induced
DNA double-strand breaks with gamma-H2AX antibody. Radiat. Res. 2002, 158, 486–492. [CrossRef]

39. Cashman, J.; Dykstra, B.; Clark-Lewis, I.; Eaves, A.; Eaves, C. Changes in the proliferative activity of
human hematopoietic stem cells in NOD/SCID mice and enhancement of their transplantability after in vivo
treatment with cell cycle inhibitors. J. Exp. Med. 2002, 196, 1141–1149. [CrossRef] [PubMed]

40. Jakob, B.; Splinter, J.; Conrad, S.; Voss, K.O.; Zink, D.; Durante, M.; Lobrich, M.; Taucher-Scholz, G. DNA
double-strand breaks in heterochromatin elicit fast repair protein recruitment, histone H2AX phosphorylation
and relocation to euchromatin. Nucl. Acids Res. 2011, 39, 6489–6499. [CrossRef] [PubMed]

41. Lorat, Y.; Timm, S.; Jakob, B.; Taucher-Scholz, G.; Rube, C.E. Clustered double-strand breaks in
heterochromatin perturb DNA repair after high linear energy transfer irradiation. Radiother. Oncol. 2016, 121,
154–161. [CrossRef] [PubMed]

http://dx.doi.org/10.1073/pnas.1016045108
http://www.ncbi.nlm.nih.gov/pubmed/21527720
http://dx.doi.org/10.1080/09553007514550121
http://www.ncbi.nlm.nih.gov/pubmed/1079018
http://dx.doi.org/10.1016/j.ijrobp.2008.12.089
http://www.ncbi.nlm.nih.gov/pubmed/19545789
http://dx.doi.org/10.1667/RR0751.1
http://www.ncbi.nlm.nih.gov/pubmed/17214519
http://dx.doi.org/10.1093/jrr/rrt065
http://www.ncbi.nlm.nih.gov/pubmed/23824123
http://dx.doi.org/10.1038/bjc.2017.100
http://www.ncbi.nlm.nih.gov/pubmed/28407653
http://dx.doi.org/10.1093/rpd/ncq526
http://www.ncbi.nlm.nih.gov/pubmed/21199826
http://dx.doi.org/10.1667/RR3498.1
http://www.ncbi.nlm.nih.gov/pubmed/16435920
http://dx.doi.org/10.1016/0273-1177(92)90087-E
http://dx.doi.org/10.2307/3583517
http://www.ncbi.nlm.nih.gov/pubmed/3867077
http://dx.doi.org/10.1080/09553009414551401
http://www.ncbi.nlm.nih.gov/pubmed/7983426
http://dx.doi.org/10.1269/jrr.07123
http://www.ncbi.nlm.nih.gov/pubmed/18413977
http://www.ncbi.nlm.nih.gov/pubmed/11776262
http://dx.doi.org/10.1016/j.ijrobp.2009.02.070
http://www.ncbi.nlm.nih.gov/pubmed/19545788
http://dx.doi.org/10.1667/RR13747.1
http://www.ncbi.nlm.nih.gov/pubmed/25098728
http://dx.doi.org/10.1667/0033-7587(2002)158[0486:QDOIID]2.0.CO;2
http://dx.doi.org/10.1084/jem.20010916
http://www.ncbi.nlm.nih.gov/pubmed/12417625
http://dx.doi.org/10.1093/nar/gkr230
http://www.ncbi.nlm.nih.gov/pubmed/21511815
http://dx.doi.org/10.1016/j.radonc.2016.08.028
http://www.ncbi.nlm.nih.gov/pubmed/27637859


Cancers 2017, 9, 66 21 of 30

42. Zafar, F.; Seidler, S.B.; Kronenberg, A.; Schild, D.; Wiese, C. Homologous recombination contributes to
the repair of DNA double-strand breaks induced by high-energy iron ions. Radiat. Res. 2010, 173, 27–39.
[CrossRef] [PubMed]

43. 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 2008, 7, 725–733.
[CrossRef] [PubMed]

44. Wang, H.; Zhang, X.; Wang, P.; Yu, X.; Essers, J.; Chen, D.; Kanaar, R.; Takeda, S.; Wang, Y. Characteristics
of DNA-binding proteins determine the biological sensitivity to high-linear energy transfer radiation.
Nucl. Acids Res. 2010, 38, 3245–3251. [CrossRef] [PubMed]

45. Rostek, C.; Turner, E.L.; Robbins, M.; Rightnar, S.; Xiao, W.; Obenaus, A.; Harkness, T.A. Involvement
of homologous recombination repair after proton-induced DNA damage. Mutagenesis 2008, 23, 119–129.
[CrossRef] [PubMed]

46. Grosse, N.; Fontana, A.O.; Hug, E.B.; Lomax, A.; Coray, A.; Augsburger, M.; Paganetti, H.; Sartori, A.A.;
Pruschy, M. Deficiency in homologous recombination renders Mammalian cells more sensitive to proton
versus photon irradiation. Int. J. Radiat. Oncol. Biol. Phys. 2014, 88, 175–181. [CrossRef] [PubMed]

47. Gerelchuluun, A.; Manabe, E.; Ishikawa, T.; Sun, L.; Itoh, K.; Sakae, T.; Suzuki, K.; Hirayama, R.;
Asaithamby, A.; Chen, D.J.; et al. The major DNA repair pathway after both proton and carbon-ion
radiation is NHEJ, but the HR pathway is more relevant in carbon ions. Radiat. Res. 2015, 183, 345–356.
[CrossRef] [PubMed]

48. Zhou, X.; Zhang, X.; Xie, Y.; Tanaka, K.; Wang, B.; Zhang, H. DNA-PKcs inhibition sensitizes cancer cells to
carbon-ion irradiation via telomere capping disruption. PLoS ONE 2013, 8, e72641. [CrossRef] [PubMed]

49. Okayasu, R.; Okada, M.; Okabe, A.; Noguchi, M.; Takakura, K.; Takahashi, S. Repair of DNA damage
induced by accelerated heavy ions in mammalian cells proficient and deficient in the non-homologous
end-joining pathway. Radiat. Res. 2006, 165, 59–67. [CrossRef] [PubMed]

50. Eguchi-Kasai, K.; Murakami, M.; Itsukaichi, H.; Fukutsu, K.; Yatagai, F.; Kanai, T.; Ohara, H.; Sato, K. Repair
of DNA double-strand breaks and cell killing by charged particles. Adv. Space Res. 1998, 22, 543–549.
[CrossRef]

51. Weyrather, W.K.; 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. [PubMed]

52. Saha, J.; Wang, M.; Cucinotta, F.A. Investigation of switch from ATM to ATR signaling at the sites of DNA
damage induced by low and high LET radiation. DNA Repair 2013, 12, 1143–1151. [CrossRef] [PubMed]

53. Whalen, M.K.; Gurai, S.K.; Zahed-Kargaran, H.; Pluth, J.M. Specific ATM-mediated phosphorylation
dependent on radiation quality. Radiat. Res. 2008, 170, 353–364. [CrossRef] [PubMed]

54. Goodhead, D.T. Initial events in the cellular effects of ionizing radiations: Clustered damage in DNA. Int. J.
Radiat. Biol. 1994, 65, 7–17. [CrossRef] [PubMed]

55. Hamada, N.; Imaoka, T.; Masunaga, S.; Ogata, T.; Okayasu, R.; Takahashi, A.; Kato, T.A.; Kobayashi, Y.;
Ohnishi, T.; Ono, K.; et al. Recent advances in the biology of heavy-ion cancer therapy. J. Radiat. Res. 2010,
51, 365–383. [CrossRef] [PubMed]

56. Kobayashi, D.; Oike, T.; Shibata, A.; Niimi, A.; Kubota, Y.; Sakai, M.; Amornwhichet, N.; Yoshimoto, Y.;
Hagiwara, Y.; Kimura, Y.; et al. Mitotic catastrophe is a putative mechanism underlying the weak correlation
between sensitivity to carbon ions and cisplatin. Sci. Rep. 2017, 7, 40588. [CrossRef] [PubMed]

57. Maalouf, M.; Alphonse, G.; Colliaux, A.; Beuve, M.; Trajkovic-Bodennec, S.; Battiston-Montagne, P.; Testard, I.;
Chapet, O.; Bajard, M.; Taucher-Scholz, G.; et al. Different mechanisms of cell death in radiosensitive and
radioresistant p53 mutated head and neck squamous cell carcinoma cell lines exposed to carbon ions and
x-rays. Int. J. Radiat. Oncol. Biol. Phys. 2009, 74, 200–209. [CrossRef] [PubMed]

58. Bertrand, G.; Maalouf, M.; Boivin, A.; Battiston-Montagne, P.; Beuve, M.; Levy, A.; Jalade, P.; Fournier, C.;
Ardail, D.; Magne, N.; et al. Targeting head and neck cancer stem cells to overcome resistance to photon and
carbon ion radiation. Stem Cell Rev. 2014, 10, 114–126. [CrossRef] [PubMed]

59. Lee, R.; Sommer, S.; Hartel, C.; Nasonova, E.; Durante, M.; Ritter, S. Complex exchanges are responsible for
the increased effectiveness of C-ions compared to X-rays at the first post-irradiation mitosis. Mutat. Res.
2010, 701, 52–59. [CrossRef] [PubMed]

http://dx.doi.org/10.1667/RR1910.1
http://www.ncbi.nlm.nih.gov/pubmed/20041757
http://dx.doi.org/10.1016/j.dnarep.2008.01.010
http://www.ncbi.nlm.nih.gov/pubmed/18325854
http://dx.doi.org/10.1093/nar/gkq069
http://www.ncbi.nlm.nih.gov/pubmed/20150414
http://dx.doi.org/10.1093/mutage/gem055
http://www.ncbi.nlm.nih.gov/pubmed/18267950
http://dx.doi.org/10.1016/j.ijrobp.2013.09.041
http://www.ncbi.nlm.nih.gov/pubmed/24239385
http://dx.doi.org/10.1667/RR13904.1
http://www.ncbi.nlm.nih.gov/pubmed/25738894
http://dx.doi.org/10.1371/journal.pone.0072641
http://www.ncbi.nlm.nih.gov/pubmed/24013362
http://dx.doi.org/10.1667/RR3489.1
http://www.ncbi.nlm.nih.gov/pubmed/16392963
http://dx.doi.org/10.1016/S0273-1177(98)00076-3
http://www.ncbi.nlm.nih.gov/pubmed/10597910
http://dx.doi.org/10.1016/j.dnarep.2013.10.004
http://www.ncbi.nlm.nih.gov/pubmed/24238855
http://dx.doi.org/10.1667/RR1354.1
http://www.ncbi.nlm.nih.gov/pubmed/18763865
http://dx.doi.org/10.1080/09553009414550021
http://www.ncbi.nlm.nih.gov/pubmed/7905912
http://dx.doi.org/10.1269/jrr.09137
http://www.ncbi.nlm.nih.gov/pubmed/20679739
http://dx.doi.org/10.1038/srep40588
http://www.ncbi.nlm.nih.gov/pubmed/28091564
http://dx.doi.org/10.1016/j.ijrobp.2009.01.012
http://www.ncbi.nlm.nih.gov/pubmed/19362238
http://dx.doi.org/10.1007/s12015-013-9467-y
http://www.ncbi.nlm.nih.gov/pubmed/23955575
http://dx.doi.org/10.1016/j.mrgentox.2010.03.004
http://www.ncbi.nlm.nih.gov/pubmed/20298802


Cancers 2017, 9, 66 22 of 30

60. Becker, D.; Elsasser, T.; Tonn, T.; Seifried, E.; Durante, M.; Ritter, S.; Fournier, C. Response of human
hematopoietic stem and progenitor cells to energetic carbon ions. Int. J. Radiat. Biol. 2009, 85, 1051–1059.
[CrossRef] [PubMed]

61. Lorat, Y.; Brunner, C.U.; Schanz, S.; Jakob, B.; Taucher-Scholz, G.; Rube, C.E. Nanoscale analysis of clustered
DNA damage after high-LET irradiation by quantitative electron microscopy—The heavy burden to repair.
DNA Repair 2015, 28, 93–106. [CrossRef] [PubMed]

62. Carante, M.P.; Altieri, S.; Bortolussi, S.; Postuma, I.; Protti, N.; Ballarini, F. Modeling radiation-induced
cell death: Role of different levels of DNA damage clustering. Radiat. Environ. Biophys. 2015, 54, 305–316.
[CrossRef] [PubMed]

63. Wu, H.; Furusawa, Y.; George, K.; Kawata, T.; Cucinotta, F.A. Analysis of unrejoined chromosomal breakage
in human fibroblast cells exposed to low- and high-LET radiation. J. Radiat. Res. 2002, 43 (Suppl.), S181–S185.
[CrossRef] [PubMed]

64. Kawata, T.; Durante, M.; Furusawa, Y.; George, K.; Ito, H.; Wu, H.; Cucinotta, F.A. Rejoining of isochromatid
breaks induced by heavy ions in G2-phase normal human fibroblasts. Radiat. Res. 2001, 156, 598–602.
[CrossRef]

65. Kawata, T.; Gotoh, E.; Durante, M.; Wu, H.; George, K.; Furusawa, Y.; Cucinotta, F.A. High-LET
radiation-induced aberrations in prematurely condensed G2 chromosomes of human fibroblasts. Int. J.
Radiat. Biol. 2000, 76, 929–937. [CrossRef] [PubMed]

66. Hada, M.; Zhang, Y.; Feiveson, A.; Cucinotta, F.A.; Wu, H. Association of inter- and intrachromosomal
exchanges with the distribution of low- and high-LET radiation-induced breaks in chromosomes. Radiat. Res.
2011, 176, 25–37. [CrossRef] [PubMed]

67. Ferrandon, S.; Saultier, P.; Carras, J.; Battiston-Montagne, P.; Alphonse, G.; Beuve, M.; Malleval, C.;
Honnorat, J.; Slatter, T.; Hung, N.; et al. Telomere profiling: Toward glioblastoma personalized medicine.
Mol. Neurobiol. 2013, 47, 64–76. [CrossRef] [PubMed]

68. Hanot, M.; Boivin, A.; Malesys, 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, e44367. [CrossRef]
[PubMed]

69. Glowa, C.; Karger, C.P.; Brons, S.; Zhao, D.; Mason, R.P.; Huber, P.E.; Debus, J.; Peschke, P. Carbon ion
radiotherapy decreases the impact of tumor heterogeneity on radiation response in experimental prostate
tumors. Cancer Lett. 2016, 378, 97–103. [CrossRef] [PubMed]

70. Ogata, T.; Teshima, T.; Kagawa, K.; Hishikawa, Y.; Takahashi, Y.; Kawaguchi, A.; Suzumoto, Y.; Nojima, K.;
Furusawa, Y.; Matsuura, N. Particle irradiation suppresses metastatic potential of cancer cells. Cancer Res.
2005, 65, 113–120. [PubMed]

71. Akino, Y.; Teshima, T.; Kihara, A.; Kodera-Suzumoto, Y.; Inaoka, M.; Higashiyama, S.; Furusawa, Y.;
Matsuura, N. Carbon-ion beam irradiation effectively suppresses migration and invasion of human
non-small-cell lung cancer cells. Int. J. Radiat. Oncol. Biol. Phys. 2009, 75, 475–481. [CrossRef] [PubMed]

72. Ogata, T.; Teshima, T.; Inaoka, M.; Minami, K.; Tsuchiya, T.; Isono, M.; Furusawa, Y.; Matsuura, N. Carbon
ion irradiation suppresses metastatic potential of human non-small cell lung cancer A549 cells through the
phosphatidylinositol-3-kinase/Akt signaling pathway. J. Radiat. Res. 2011, 52, 374–379. [CrossRef] [PubMed]

73. Rieken, S.; Rieber, J.; Brons, S.; Habermehl, D.; Rief, H.; Orschiedt, L.; Lindel, K.; Weber, K.J.; Debus, J.;
Combs, S.E. Radiation-induced motility alterations in medulloblastoma cells. J. Radiat. Res. 2015, 56, 430–436.
[CrossRef] [PubMed]

74. Tamaki, T.; Iwakawa, M.; Ohno, T.; Imadome, K.; Nakawatari, M.; Sakai, M.; Tsujii, H.; Nakano, T.; Imai, T.
Application of carbon-ion beams or gamma-rays on primary tumors does not change the expression profiles
of metastatic tumors in an in vivo murine model. Int. J. Radiat. Oncol. Biol. Phys. 2009, 74, 210–218.
[CrossRef] [PubMed]

75. Fujita, M.; Imadome, K.; Shoji, Y.; Isozaki, T.; Endo, S.; Yamada, S.; Imai, T. Carbon-Ion Irradiation
Suppresses Migration and Invasiveness of Human Pancreatic Carcinoma Cells MIAPaCa-2 via Rac1 and
RhoA Degradation. Int. J. Radiat. Oncol. Biol. Phys. 2015, 93, 173–180. [CrossRef] [PubMed]

76. Goetze, K.; Scholz, M.; Taucher-Scholz, G.; Mueller-Klieser, W. The impact of conventional and heavy ion
irradiation on tumor cell migration in vitro. Int. J. Radiat. Biol. 2007, 83, 889–896. [CrossRef] [PubMed]

http://dx.doi.org/10.3109/09553000903232850
http://www.ncbi.nlm.nih.gov/pubmed/19895282
http://dx.doi.org/10.1016/j.dnarep.2015.01.007
http://www.ncbi.nlm.nih.gov/pubmed/25659339
http://dx.doi.org/10.1007/s00411-015-0601-x
http://www.ncbi.nlm.nih.gov/pubmed/25956821
http://dx.doi.org/10.1269/jrr.43.S181
http://www.ncbi.nlm.nih.gov/pubmed/12793755
http://dx.doi.org/10.1667/0033-7587(2001)156[0598:ROIBIB]2.0.CO;2
http://dx.doi.org/10.1080/09553000050050945
http://www.ncbi.nlm.nih.gov/pubmed/10923617
http://dx.doi.org/10.1667/RR2433.1
http://www.ncbi.nlm.nih.gov/pubmed/21466383
http://dx.doi.org/10.1007/s12035-012-8363-9
http://www.ncbi.nlm.nih.gov/pubmed/23065374
http://dx.doi.org/10.1371/journal.pone.0044367
http://www.ncbi.nlm.nih.gov/pubmed/23185232
http://dx.doi.org/10.1016/j.canlet.2016.05.013
http://www.ncbi.nlm.nih.gov/pubmed/27224892
http://www.ncbi.nlm.nih.gov/pubmed/15665286
http://dx.doi.org/10.1016/j.ijrobp.2008.12.090
http://www.ncbi.nlm.nih.gov/pubmed/19735871
http://dx.doi.org/10.1269/jrr.10102
http://www.ncbi.nlm.nih.gov/pubmed/21343675
http://dx.doi.org/10.1093/jrr/rru120
http://www.ncbi.nlm.nih.gov/pubmed/25736470
http://dx.doi.org/10.1016/j.ijrobp.2008.12.078
http://www.ncbi.nlm.nih.gov/pubmed/19362239
http://dx.doi.org/10.1016/j.ijrobp.2015.05.009
http://www.ncbi.nlm.nih.gov/pubmed/26279033
http://dx.doi.org/10.1080/09553000701753826
http://www.ncbi.nlm.nih.gov/pubmed/18058372


Cancers 2017, 9, 66 23 of 30

77. Stahler, C.; Roth, J.; Cordes, N.; Taucher-Scholz, G.; Mueller-Klieser, W. Impact of carbon ion irradiation on
epidermal growth factor receptor signaling and glioma cell migration in comparison to conventional photon
irradiation. Int. J. Radiat. Biol. 2013, 89, 454–461. [CrossRef] [PubMed]

78. Matsunaga, A.; Ueda, Y.; Yamada, S.; Harada, Y.; Shimada, H.; Hasegawa, M.; Tsujii, H.; Ochiai, T.;
Yonemitsu, Y. Carbon-ion beam treatment induces systemic antitumor immunity against murine squamous
cell carcinoma. Cancer 2010, 116, 3740–3748. [CrossRef] [PubMed]

79. Ohkubo, Y.; Iwakawa, M.; Seino, K.; Nakawatari, M.; Wada, H.; Kamijuku, H.; Nakamura, E.; Nakano, T.;
Imai, T. Combining carbon ion radiotherapy and local injection of alpha-galactosylceramide-pulsed dendritic
cells inhibits lung metastases in an in vivo murine model. Int. J. Radiat. Oncol. Biol. Phys. 2010, 78, 1524–1531.
[CrossRef] [PubMed]

80. Dokic, I.; Mairani, A.; Niklas, M.; Zimmermann, F.; Chaudhri, N.; Krunic, D.; Tessonnier, T.; Ferrari, A.;
Parodi, K.; Jakel, O.; et al. Next generation multi-scale biophysical characterization of high precision cancer
particle radiotherapy using clinical proton, helium-, carbon- and oxygen ion beams. Oncotarget 2016, 7,
56676–56689. [CrossRef] [PubMed]

81. Oike, T.; Niimi, A.; Okonogi, N.; Murata, K.; Matsumura, A.; Noda, S.E.; Kobayashi, D.; Iwanaga, M.;
Tsuchida, K.; Kanai, T.; et al. Visualization of complex DNA double-strand breaks in a tumor treated with
carbon ion radiotherapy. Sci. Rep. 2016, 6, 22275. [CrossRef] [PubMed]

82. Masunaga, S.; Ando, K.; Uzawa, A.; Hirayama, R.; Furusawa, Y.; Koike, S.; Ono, K. The radiosensitivity
of total and quiescent cell populations in solid tumors to 290 MeV/u carbon ion beam irradiation in vivo.
Acta Oncol. 2008, 47, 1087–1093. [CrossRef] [PubMed]

83. Chiblak, S.; Tang, Z.; Campos, B.; Gal, Z.; Unterberg, A.; Debus, J.; Herold-Mende, C.; Abdollahi, A.
Radiosensitivity of Patient-Derived Glioma Stem Cell 3-Dimensional Cultures to Photon, Proton, and Carbon
Irradiation. Int. J. Radiat. Oncol. Biol. Phys. 2016, 95, 112–119. [CrossRef] [PubMed]

84. Yu, Z.; Hartel, C.; Pignalosa, D.; Kraft-Weyrather, W.; Jiang, G.L.; Diaz-Carballo, D.; Durante, M. The Effect
of X-Ray and Heavy Ions Radiations on Chemotherapy Refractory Tumor Cells. Front. Oncol. 2016, 6, 64.
[CrossRef] [PubMed]

85. Dokic, I.; Mairani, A.; Brons, S.; Schoell, B.; Jauch, A.; Krunic, D.; Debus, J.; Regnier-Vigouroux, A.; Weber, K.J.
High resistance to X-rays and therapeutic carbon ions in glioblastoma cells bearing dysfunctional ATM
associates with intrinsic chromosomal instability. Int. J. Radiat. Biol. 2015, 91, 157–165. [CrossRef] [PubMed]

86. Imadome, K.; Iwakawa, M.; Nojiri, K.; Tamaki, T.; Sakai, M.; Nakawatari, M.; Moritake, T.; Yanagisawa, M.;
Nakamura, E.; Tsujii, H.; et al. Upregulation of stress-response genes with cell cycle arrest induced by carbon
ion irradiation in multiple murine tumors models. Cancer Biol. Ther. 2008, 7, 208–217. [CrossRef] [PubMed]

87. Matsumoto, Y.; Iwakawa, M.; Furusawa, Y.; Ishikawa, K.; Aoki, M.; Imadome, K.; Matsumoto, I.; Tsujii, H.;
Ando, K.; Imai, T. Gene expression analysis in human malignant melanoma cell lines exposed to carbon
beams. Int. J. Radiat. Biol. 2008, 84, 299–314. [CrossRef] [PubMed]

88. Fokas, E.; You, A.; Juricko, J.; Engenhart-Cabillic, R.; An, H.X. Genetic alterations after carbon ion irradiation
in human lung adenocarcinoma cells. Int. J. Oncol. 2011, 38, 161–168. [PubMed]

89. Suetens, A.; Moreels, M.; Quintens, R.; Chiriotti, S.; Tabury, K.; Michaux, A.; Gregoire, V.; Baatout, S. Carbon
ion irradiation of the human prostate cancer cell line PC3: A whole genome microarray study. Int. J. Oncol.
2014, 44, 1056–1072. [CrossRef] [PubMed]

90. Ding, L.H.; Park, S.; Peyton, M.; Girard, L.; Xie, Y.; Minna, J.D.; Story, M.D. Distinct transcriptome profiles
identified in normal human bronchial epithelial cells after exposure to gamma-rays and different elemental
particles of high Z and energy. BMC Genomics 2013, 14, 372. [CrossRef] [PubMed]

91. Shinoto, M.; Yamada, S.; Terashima, K.; Yasuda, S.; Shioyama, Y.; Honda, H.; Kamada, T.; Tsujii, H.; Saisho, H.
Carbon Ion Radiation Therapy With Concurrent Gemcitabine for Patients With Locally Advanced Pancreatic
Cancer. Int. J. Radiat. Oncol. Biol. Phys. 2016, 95, 498–504. [CrossRef] [PubMed]

92. Shiba, S.; Wakatsuki, M.; Kato, S.; Ohno, T.; Okonogi, N.; Karasawa, K.; Kiyohara, H.; Tsujii, H.; Nakano, T.;
Kamada, T.; et al. Carbon-ion radiotherapy for locally advanced cervical cancer with bladder invasion.
J. Radiat. Res. 2016, 57, 684–690. [CrossRef] [PubMed]

93. Kong, L.; Gao, J.; Hu, J.; Hu, W.; Guan, X.; Lu, R.; Lu, J.J. Phase I/II trial evaluating concurrent carbon-ion
radiotherapy plus chemotherapy for salvage treatment of locally recurrent nasopharyngeal carcinoma.
Chin. J. Cancer 2016, 35, 101. [CrossRef] [PubMed]

http://dx.doi.org/10.3109/09553002.2013.766769
http://www.ncbi.nlm.nih.gov/pubmed/23363301
http://dx.doi.org/10.1002/cncr.25134
http://www.ncbi.nlm.nih.gov/pubmed/20564091
http://dx.doi.org/10.1016/j.ijrobp.2010.06.048
http://www.ncbi.nlm.nih.gov/pubmed/20932671
http://dx.doi.org/10.18632/oncotarget.10996
http://www.ncbi.nlm.nih.gov/pubmed/27494855
http://dx.doi.org/10.1038/srep22275
http://www.ncbi.nlm.nih.gov/pubmed/26925533
http://dx.doi.org/10.1080/02841860701821999
http://www.ncbi.nlm.nih.gov/pubmed/18607878
http://dx.doi.org/10.1016/j.ijrobp.2015.06.015
http://www.ncbi.nlm.nih.gov/pubmed/26254681
http://dx.doi.org/10.3389/fonc.2016.00064
http://www.ncbi.nlm.nih.gov/pubmed/27064200
http://dx.doi.org/10.3109/09553002.2014.937511
http://www.ncbi.nlm.nih.gov/pubmed/24991884
http://dx.doi.org/10.4161/cbt.7.2.5255
http://www.ncbi.nlm.nih.gov/pubmed/18073524
http://dx.doi.org/10.1080/09553000801953334
http://www.ncbi.nlm.nih.gov/pubmed/18386195
http://www.ncbi.nlm.nih.gov/pubmed/21109937
http://dx.doi.org/10.3892/ijo.2014.2287
http://www.ncbi.nlm.nih.gov/pubmed/24504141
http://dx.doi.org/10.1186/1471-2164-14-372
http://www.ncbi.nlm.nih.gov/pubmed/23724988
http://dx.doi.org/10.1016/j.ijrobp.2015.12.362
http://www.ncbi.nlm.nih.gov/pubmed/26883565
http://dx.doi.org/10.1093/jrr/rrw070
http://www.ncbi.nlm.nih.gov/pubmed/27422932
http://dx.doi.org/10.1186/s40880-016-0164-5
http://www.ncbi.nlm.nih.gov/pubmed/28007028


Cancers 2017, 9, 66 24 of 30

94. Schlaich, F.; Brons, S.; Haberer, T.; Debus, J.; Combs, S.E.; Weber, K.J. Comparison of the effects of photon
versus carbon ion irradiation when combined with chemotherapy in vitro. Radiat. Oncol. 2013, 8, 260.
[CrossRef] [PubMed]

95. El Shafie, R.A.; Habermehl, D.; Rieken, S.; Mairani, A.; Orschiedt, L.; Brons, S.; Haberer, T.; Weber, K.J.;
Debus, J.; Combs, S.E. In vitro evaluation of photon and raster-scanned carbon ion radiotherapy in
combination with gemcitabine in pancreatic cancer cell lines. J. Radiat. Res. 2013, 54 (Suppl. 1), i113–i119.
[CrossRef] [PubMed]

96. Combs, S.E.; Zipp, L.; Rieken, S.; Habermehl, D.; Brons, S.; Winter, M.; Haberer, T.; Debus, J.; Weber, K.J.
In vitro evaluation of photon and carbon ion radiotherapy in combination with chemotherapy in
glioblastoma cells. Radiat. Oncol. 2012, 7, 9. [CrossRef] [PubMed]

97. Combs, S.E.; Bohl, J.; Elsasser, T.; Weber, K.J.; Schulz-Ertner, D.; Debus, J.; Weyrather, W.K. Radiobiological
evaluation and correlation with the local effect model (LEM) of carbon ion radiation therapy and
temozolomide in glioblastoma cell lines. Int. J. Radiat. Biol. 2009, 85, 126–137. [CrossRef] [PubMed]

98. Adeberg, S.; Baris, D.; Habermehl, D.; Rieken, S.; Brons, S.; Weber, K.J.; Roth, W.; Debus, J.; Combs, S.E.
Evaluation of chemoradiotherapy with carbon ions and the influence of p53 mutational status in the colorectal
carcinoma cell line HCT 116. Tumori 2014, 100, 675–684. [CrossRef] [PubMed]

99. Harrabi, S.; Combs, S.E.; Brons, S.; Haberer, T.; Debus, J.; Weber, K.J. Temozolomide in combination with
carbon ion or photon irradiation in glioblastoma multiforme cell lines—Does scheduling matter? Int. J.
Radiat. Biol. 2013, 89, 692–697. [CrossRef] [PubMed]

100. Kitabayashi, H.; Shimada, H.; Yamada, S.; Yasuda, S.; Kamata, T.; Ando, K.; Tsujii, H.; Ochiai, T. Synergistic
growth suppression induced in esophageal squamous cell carcinoma cells by combined treatment with
docetaxel and heavy carbon-ion beam irradiation. Oncol. Rep. 2006, 15, 913–918. [CrossRef] [PubMed]

101. Harrabi, S.B.; Adeberg, S.; Winter, M.; Haberer, T.; Debus, J.; Weber, K.J. S-phase-specific radiosensitization
by gemcitabine for therapeutic carbon ion exposure in vitro. J. Radiat. Res. 2016, 57, 110–114. [CrossRef]
[PubMed]

102. Iwata, Y.; Fujimoto, T.; Matsuba, S.; Fujita, T.; Sato, S.; Furukawa, T.; Hara, Y.; Mizushima, K.; Saraya, Y.;
Tansho, R.; et al. Beam commissioning of a superconducting rotating-gantry for carbon-ion radiotherapy.
Nucl. Instrum. Methods Phys. Res. 2016, 834, 71–80. [CrossRef]

103. Schulz-Ertner, D.; Tsujii, H. Particle radiation therapy using proton and heavier ion beams. J. Clin. Oncol.
2007, 25, 953–964. [CrossRef] [PubMed]

104. Laine, A.M.; Pompos, A.; Timmerman, R.; Jiang, S.; Story, M.D.; Pistenmaa, D.; Choy, H. The Role of
Hypofractionated Radiation Therapy with Photons, Protons, and Heavy Ions for Treating Extracranial
Lesions. Front. Oncol. 2015, 5, 302. [CrossRef] [PubMed]

105. Story, M.; Pompos, A.; Timmerman, R. On the value of carbon-ion therapy. Phys. Today 2016, 69. [CrossRef]
106. Tsujii, H.; Mizoe, J.E.; Kamada, T.; Baba, M.; Kato, S.; Kato, H.; Tsuji, H.; Yamada, S.; Yasuda, S.; Ohno, T.; et al.

Overview of clinical experiences on carbon ion radiotherapy at NIRS. Radiother. Oncol. 2004, 73 (Suppl. 2),
S41–S49. [CrossRef]

107. Kamada, T.; Tsujii, H.; Blakely, E.A.; Debus, J.; De Neve, W.; Durante, M.; Jakel, O.; Mayer, R.; Orecchia, R.;
Potter, R.; et al. Carbon ion radiotherapy in Japan: An assessment of 20 years of clinical experience.
Lancet Oncol. 2015, 16, e93–e100. [CrossRef]

108. Kamada, T.; Tsujii, H.; Tsuji, H.; Yanagi, T.; Mizoe, J.E.; Miyamoto, T.; Kato, H.; Yamada, S.; Morita, S.;
Yoshikawa, K.; et al. Efficacy and safety of carbon ion radiotherapy in bone and soft tissue sarcomas.
J. Clin. Oncol. 2002, 20, 4466–4471. [CrossRef] [PubMed]

109. Serizawa, I.; Kagei, K.; Kamada, T.; Imai, R.; Sugahara, S.; Okada, T.; Tsuji, H.; Ito, H.; Tsujii, H. Carbon ion
radiotherapy for unresectable retroperitoneal sarcomas. Int. J. Radiat. Oncol. Biol. Phys. 2009, 75, 1105–1110.
[CrossRef] [PubMed]

110. Matsunobu, A.; Imai, R.; Kamada, T.; Imaizumi, T.; Tsuji, H.; Tsujii, H.; Shioyama, Y.; Honda, H.; Tatezaki, S.
Impact of carbon ion radiotherapy for unresectable osteosarcoma of the trunk. Cancer 2012, 118, 4555–4563.
[CrossRef] [PubMed]

111. Sugahara, S.; Kamada, T.; Imai, R.; Tsuji, H.; Kameda, N.; Okada, T.; Tsujii, H.; Tatezaki, S. Carbon ion
radiotherapy for localized primary sarcoma of the extremities: Results of a phase I/II trial. Radiother. Oncol.
2012, 105, 226–231. [CrossRef] [PubMed]

http://dx.doi.org/10.1186/1748-717X-8-260
http://www.ncbi.nlm.nih.gov/pubmed/24192264
http://dx.doi.org/10.1093/jrr/rrt052
http://www.ncbi.nlm.nih.gov/pubmed/23824114
http://dx.doi.org/10.1186/1748-717X-7-9
http://www.ncbi.nlm.nih.gov/pubmed/22284807
http://dx.doi.org/10.1080/09553000802641151
http://www.ncbi.nlm.nih.gov/pubmed/19280465
http://dx.doi.org/10.1700/1778.19278
http://www.ncbi.nlm.nih.gov/pubmed/25688502
http://dx.doi.org/10.3109/09553002.2013.791406
http://www.ncbi.nlm.nih.gov/pubmed/23577964
http://dx.doi.org/10.3892/or.15.4.913
http://www.ncbi.nlm.nih.gov/pubmed/16525679
http://dx.doi.org/10.1093/jrr/rrv097
http://www.ncbi.nlm.nih.gov/pubmed/26747201
http://dx.doi.org/10.1016/j.nima.2016.07.050
http://dx.doi.org/10.1200/JCO.2006.09.7816
http://www.ncbi.nlm.nih.gov/pubmed/17350944
http://dx.doi.org/10.3389/fonc.2015.00302
http://www.ncbi.nlm.nih.gov/pubmed/26793619
http://dx.doi.org/10.1063/PT.3.3348
http://dx.doi.org/10.1016/S0167-8140(04)80012-4
http://dx.doi.org/10.1016/S1470-2045(14)70412-7
http://dx.doi.org/10.1200/JCO.2002.10.050
http://www.ncbi.nlm.nih.gov/pubmed/12431970
http://dx.doi.org/10.1016/j.ijrobp.2008.12.019
http://www.ncbi.nlm.nih.gov/pubmed/19467578
http://dx.doi.org/10.1002/cncr.27451
http://www.ncbi.nlm.nih.gov/pubmed/22359113
http://dx.doi.org/10.1016/j.radonc.2012.09.010
http://www.ncbi.nlm.nih.gov/pubmed/23068710


Cancers 2017, 9, 66 25 of 30

112. Matsumoto, K.; Imai, R.; Kamada, T.; Maruyama, K.; Tsuji, H.; Tsujii, H.; Shioyama, Y.; Honda, H.; Isu, K.
Impact of carbon ion radiotherapy for primary spinal sarcoma. Cancer 2013, 119, 3496–3503. [CrossRef]
[PubMed]

113. DeLaney, T.F.; Liebsch, N.J.; Pedlow, F.X.; Adams, J.; Dean, S.; Yeap, B.Y.; McManus, P.; Rosenberg, A.E.;
Nielsen, G.P.; Harmon, D.C.; et al. Phase II study of high-dose photon/proton radiotherapy in the
management of spine sarcomas. Int. J. Radiat. Oncol. Biol. Phys. 2009, 74, 732–739. [CrossRef] [PubMed]

114. Imai, R.; Kamada, T.; Araki, N. Carbon Ion Radiation Therapy for Unresectable Sacral Chordoma:
An Analysis of 188 Cases. Int. J. Radiat. Oncol. Biol. Phys. 2016, 95, 322–327. [CrossRef] [PubMed]

115. Maruyama, K.; Imai, R.; Kamada, T.; Tsuji, H.; Tsujii, H. Carbon Ion Radiation Therapy for Chondrosarcoma.
Int. J. Radiat. Oncol. 2012, 84 (Suppl.), S139. [CrossRef]

116. Outani, H.; Hamada, K.; Imura, Y.; Oshima, K.; Sotobori, T.; Demizu, Y.; Kakunaga, S.; Joyama, S.; Imai, R.;
Okimoto, T.; et al. Comparison of clinical and functional outcome between surgical treatment and carbon
ion radiotherapy for pelvic chondrosarcoma. Int. J. Clin. Oncol. 2016, 21, 186–193. [CrossRef] [PubMed]

117. Aoka, Y.; Kamada, T.; Kawana, M.; Yamada, Y.; Nishikawa, T.; Kasanuki, H.; Tsujii, H. Primary cardiac
angiosarcoma treated with carbon-ion radiotherapy. Lancet Oncol. 2004, 5, 636–638. [CrossRef]

118. Iwata, S.; Yonemoto, T.; Ishii, T.; Kumagai, K.; Imai, R.; Hagiwara, Y.; Kamada, T.; Tatezaki, S. Efficacy
of carbon-ion radiotherapy and high-dose chemotherapy for patients with unresectable Ewing’s sarcoma
family of tumors. Int. J. Clin. Oncol. 2013, 18, 1114–1118. [CrossRef] [PubMed]

119. Jensen, A.D.; Uhl, M.; Chaudhri, N.; Herfarth, K.K.; Debus, J.; Roeder, F. Carbon Ion irradiation in the
treatment of grossly incomplete or unresectable malignant peripheral nerve sheaths tumors: Acute toxicity
and preliminary outcome. Radiat. Oncol. 2015, 10, 109. [CrossRef] [PubMed]

120. Blattmann, C.; Oertel, S.; Schulz-Ertner, D.; Rieken, S.; Haufe, S.; Ewerbeck, V.; Unterberg, A.;
Karapanagiotou-Schenkel, I.; Combs, S.E.; Nikoghosyan, A.; et al. Non-randomized therapy trial to
determine the safety and efficacy of heavy ion radiotherapy in patients with non-resectable osteosarcoma.
BMC Cancer 2010, 10, 96. [CrossRef] [PubMed]

121. Mizoe, J.E.; Hasegawa, A.; Jingu, K.; Takagi, R.; Bessyo, H.; Morikawa, T.; Tonoki, M.; Tsuji, H.; Kamada, T.;
Tsujii, H.; et al. Results of carbon ion radiotherapy for head and neck cancer. Radiother. Oncol. 2012, 103,
32–37. [CrossRef] [PubMed]

122. Mohr, A.; Chaudhri, N.; Hassel, J.C.; Federspil, P.A.; Vanoni, V.; Debus, J.; Jensen, A.D. Raster-scanned
intensity-controlled carbon ion therapy for mucosal melanoma of the paranasal sinus. Head Neck 2016, 38
(Suppl. 1), E1445–E1451. [CrossRef] [PubMed]

123. Demizu, Y.; Fujii, O.; Terashima, K.; Mima, M.; Hashimoto, N.; Niwa, Y.; Akagi, T.; Daimon, T.; Murakami, M.;
Fuwa, N. Particle therapy for mucosal melanoma of the head and neck. A single-institution retrospective
comparison of proton and carbon ion therapy. Strahlentherapie und Onkologie 2014, 190, 186–191. [CrossRef]
[PubMed]

124. Toyama, S.; Tsuji, H.; Mizoguchi, N.; Nomiya, T.; Kamada, T.; Tokumaru, S.; Mizota, A.; Ohnishi, Y.; Tsujii, H.
Long-term results of carbon ion radiation therapy for locally advanced or unfavorably located choroidal
melanoma: Usefulness of CT-based 2-port orthogonal therapy for reducing the incidence of neovascular
glaucoma. Int. J. Radiat. Oncol. Biol. Phys. 2013, 86, 270–276. [CrossRef] [PubMed]

125. Jensen, A.D.; Nikoghosyan, A.V.; Lossner, K.; Haberer, T.; Jakel, O.; Munter, M.W.; Debus, J. COSMIC:
A Regimen of Intensity Modulated Radiation Therapy Plus Dose-Escalated, Raster-Scanned Carbon Ion
Boost for Malignant Salivary Gland Tumors: Results of the Prospective Phase 2 Trial. Int. J. Radiat. Oncol.
Biol. Phys. 2015, 93, 37–46. [CrossRef] [PubMed]

126. Koto, M.; Hasegawa, A.; Takagi, R.; Sasahara, G.; Ikawa, H.; Mizoe, J.E.; Jingu, K.; Tsujii, H.; Kamada, T.;
Okamoto, Y. Carbon ion radiotherapy for locally advanced squamous cell carcinoma of the external auditory
canal and middle ear. Head Neck 2016, 38, 512–516. [CrossRef] [PubMed]

127. Mizoguchi, N.; Tsuji, H.; Toyama, S.; Kamada, T.; Tsujii, H.; Nakayama, Y.; Mizota, A.; Ohnishi, Y. Carbon-ion
radiotherapy for locally advanced primary or postoperative recurrent epithelial carcinoma of the lacrimal
gland. Radiother. Oncol. 2015, 114, 373–377. [CrossRef] [PubMed]

128. Yanagi, T.; Mizoe, J.E.; 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. [CrossRef] [PubMed]

http://dx.doi.org/10.1002/cncr.28177
http://www.ncbi.nlm.nih.gov/pubmed/23939877
http://dx.doi.org/10.1016/j.ijrobp.2008.08.058
http://www.ncbi.nlm.nih.gov/pubmed/19095372
http://dx.doi.org/10.1016/j.ijrobp.2016.02.012
http://www.ncbi.nlm.nih.gov/pubmed/27084649
http://dx.doi.org/10.1016/j.ijrobp.2012.07.159
http://dx.doi.org/10.1007/s10147-015-0870-z
http://www.ncbi.nlm.nih.gov/pubmed/26150259
http://dx.doi.org/10.1016/S1470-2045(04)01600-6
http://dx.doi.org/10.1007/s10147-012-0480-y
http://www.ncbi.nlm.nih.gov/pubmed/23053401
http://dx.doi.org/10.1186/s13014-015-0414-8
http://www.ncbi.nlm.nih.gov/pubmed/25943106
http://dx.doi.org/10.1186/1471-2407-10-96
http://www.ncbi.nlm.nih.gov/pubmed/20226028
http://dx.doi.org/10.1016/j.radonc.2011.12.013
http://www.ncbi.nlm.nih.gov/pubmed/22321201
http://dx.doi.org/10.1002/hed.24256
http://www.ncbi.nlm.nih.gov/pubmed/26560744
http://dx.doi.org/10.1007/s00066-013-0489-9
http://www.ncbi.nlm.nih.gov/pubmed/24362502
http://dx.doi.org/10.1016/j.ijrobp.2012.12.022
http://www.ncbi.nlm.nih.gov/pubmed/23414768
http://dx.doi.org/10.1016/j.ijrobp.2015.05.013
http://www.ncbi.nlm.nih.gov/pubmed/26279022
http://dx.doi.org/10.1002/hed.23905
http://www.ncbi.nlm.nih.gov/pubmed/25352333
http://dx.doi.org/10.1016/j.radonc.2015.01.009
http://www.ncbi.nlm.nih.gov/pubmed/25687727
http://dx.doi.org/10.1016/j.ijrobp.2008.07.056
http://www.ncbi.nlm.nih.gov/pubmed/19046826


Cancers 2017, 9, 66 26 of 30

129. Koto, M.; Hasegawa, A.; Takagi, R.; Sasahara, G.; Ikawa, H.; Mizoe, J.E.; Jingu, K.; Tsujii, H.; Kamada, T.;
Okamoto, Y. Feasibility of carbon ion radiotherapy for locally advanced sinonasal adenocarcinoma.
Radiother. Oncol. 2014, 113, 60–65. [CrossRef] [PubMed]

130. Koto, M.; Hasegawa, A.; Takagi, R.; Ikawa, H.; Naganawa, K.; Mizoe, J.E.; Jingu, K.; Tsujii, H.; Tsuji, H.;
Kamada, T.; et al. Evaluation of the safety and efficacy of carbon ion radiotherapy for locally advanced
adenoid cystic carcinoma of the tongue base. Head Neck 2016, 38 (Suppl. 1), E2122–E2126. [CrossRef]
[PubMed]

131. Debus, J.; Haberer, T.; Schulz-Ertner, D.; Jakel, O.; Wenz, F.; Enghardt, W.; Schlegel, W.; Kraft, G.;
Wannenmacher, M. Carbon ion irradiation of skull base tumors at GSI. First clinical results and future
perspectives. Strahlentherapie und Onkologie 2000, 176, 211–216. [CrossRef] [PubMed]

132. Schulz-Ertner, D.; Haberer, T.; Jakel, O.; Thilmann, C.; Kramer, M.; Enghardt, W.; Kraft, G.;
Wannenmacher, M.; Debus, J. Radiotherapy for chordomas and low-grade chondrosarcomas of the skull
base with carbon ions. Int. J. Radiat. Oncol. Biol. Phys. 2002, 53, 36–42. [CrossRef]

133. Schulz-Ertner, D.; Haberer, T.; Scholz, M.; Thilmann, C.; Wenz, F.; Jakel, O.; Kraft, G.; Wannenmacher, M.;
Debus, J. Acute radiation-induced toxicity of heavy ion radiotherapy delivered with intensity modulated
pencil beam scanning in patients with base of skull tumors. Radiother. Oncol. 2002, 64, 189–195. [CrossRef]

134. Schulz-Ertner, D.; Nikoghosyan, A.; Thilmann, C.; Haberer, T.; Jakel, O.; Karger, C.; Scholz, M.; Kraft, G.;
Wannenmacher, M.; Debus, J. Carbon ion radiotherapy for chordomas and low-grade chondrosarcomas of
the skull base. Results in 67 patients. Strahlentherapie und Onkologie 2003, 179, 598–605. [CrossRef] [PubMed]

135. Schulz-Ertner, D.; Karger, C.P.; Feuerhake, A.; Nikoghosyan, A.; Combs, S.E.; 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. [CrossRef] [PubMed]

136. Schulz-Ertner, D.; Nikoghosyan, A.; Hof, H.; Didinger, B.; Combs, S.E.; Jakel, O.; Karger, C.P.; Edler, L.;
Debus, J. Carbon ion radiotherapy of skull base chondrosarcomas. Int. J. Radiat. Oncol. Biol. Phys. 2007, 67,
171–177. [CrossRef] [PubMed]

137. Uhl, M.; Mattke, M.; Welzel, T.; Roeder, F.; Oelmann, J.; Habl, G.; Jensen, A.; Ellerbrock, M.; Jakel, O.;
Haberer, T.; et al. Highly effective treatment of skull base chordoma with carbon ion irradiation using a raster
scan technique in 155 patients: First long-term results. Cancer 2014, 120, 3410–3417. [CrossRef] [PubMed]

138. Uhl, M.; Mattke, M.; Welzel, T.; Oelmann, J.; Habl, G.; Jensen, A.D.; Ellerbrock, M.; Haberer, T.; Herfarth, K.K.;
Debus, J. High control rate in patients with chondrosarcoma of the skull base after carbon ion therapy: First
report of long-term results. Cancer 2014, 120, 1579–1585. [CrossRef] [PubMed]

139. Ares, C.; Hug, E.B.; Lomax, A.J.; Bolsi, A.; Timmermann, B.; Rutz, H.P.; Schuller, J.C.; Pedroni, E.; Goitein, G.
Effectiveness and safety of spot scanning proton radiation therapy for chordomas and chondrosarcomas
of the skull base: First long-term report. Int. J. Radiat. Oncol. Biol. Phys. 2009, 75, 1111–1118. [CrossRef]
[PubMed]

140. Jingu, K.; Tsujii, H.; Mizoe, J.E.; Hasegawa, A.; Bessho, H.; Takagi, R.; Morikawa, T.; Tonogi, M.; Tsuji, H.;
Kamada, T.; et al. 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. [CrossRef]
[PubMed]

141. Nikoghosyan, A.V.; Rauch, G.; Munter, M.W.; Jensen, A.D.; Combs, S.E.; Kieser, M.; Debus, J. Randomised
trial of proton vs. carbon ion radiation therapy in patients with low and intermediate grade chondrosarcoma
of the skull base, clinical phase III study. BMC Cancer 2010, 10, 606. [CrossRef] [PubMed]

142. Nikoghosyan, A.V.; Karapanagiotou-Schenkel, I.; Munter, M.W.; Jensen, A.D.; Combs, S.E.; Debus, J.
Randomised trial of proton vs. carbon ion radiation therapy in patients with chordoma of the skull base,
clinical phase III study HIT-1-Study. BMC Cancer 2010, 10, 607. [CrossRef] [PubMed]

143. Kong, L.; Hu, J.; Guan, X.; Gao, J.; Lu, R.; Lu, J.J. Phase I/II Trial Evaluating Carbon Ion Radiotherapy for
Salvaging Treatment of Locally Recurrent Nasopharyngeal Carcinoma. J. Cancer 2016, 7, 774–783. [CrossRef]
[PubMed]

144. Akakura, K.; Tsujii, H.; Morita, S.; Tsuji, H.; Yagishita, T.; Isaka, S.; Ito, H.; Akaza, H.; Hata, M.; Fujime, M.;
et al. Phase I/II clinical trials of carbon ion therapy for prostate cancer. Prostate 2004, 58, 252–258. [CrossRef]
[PubMed]

http://dx.doi.org/10.1016/j.radonc.2014.09.009
http://www.ncbi.nlm.nih.gov/pubmed/25287484
http://dx.doi.org/10.1002/hed.24397
http://www.ncbi.nlm.nih.gov/pubmed/26854882
http://dx.doi.org/10.1007/s000660050002
http://www.ncbi.nlm.nih.gov/pubmed/10847117
http://dx.doi.org/10.1016/S0360-3016(01)02827-9
http://dx.doi.org/10.1016/S0167-8140(02)00153-6
http://dx.doi.org/10.1007/s00066-003-1120-2
http://www.ncbi.nlm.nih.gov/pubmed/14628125
http://dx.doi.org/10.1016/j.ijrobp.2006.12.059
http://www.ncbi.nlm.nih.gov/pubmed/17363188
http://dx.doi.org/10.1016/j.ijrobp.2006.08.027
http://www.ncbi.nlm.nih.gov/pubmed/17056193
http://dx.doi.org/10.1002/cncr.28877
http://www.ncbi.nlm.nih.gov/pubmed/24948519
http://dx.doi.org/10.1002/cncr.28606
http://www.ncbi.nlm.nih.gov/pubmed/24500784
http://dx.doi.org/10.1016/j.ijrobp.2008.12.055
http://www.ncbi.nlm.nih.gov/pubmed/19386442
http://dx.doi.org/10.1016/j.ijrobp.2010.08.043
http://www.ncbi.nlm.nih.gov/pubmed/21745719
http://dx.doi.org/10.1186/1471-2407-10-606
http://www.ncbi.nlm.nih.gov/pubmed/21050498
http://dx.doi.org/10.1186/1471-2407-10-607
http://www.ncbi.nlm.nih.gov/pubmed/21054824
http://dx.doi.org/10.7150/jca.14399
http://www.ncbi.nlm.nih.gov/pubmed/27162535
http://dx.doi.org/10.1002/pros.10328
http://www.ncbi.nlm.nih.gov/pubmed/14743464


Cancers 2017, 9, 66 27 of 30

145. Ishikawa, H.; Tsuji, H.; Kamada, T.; Yanagi, T.; Mizoe, J.E.; Kanai, T.; Morita, S.; Wakatsuki, M.; Shimazaki, J.;
Tsujii, H. Carbon ion radiation therapy for prostate cancer: Results of a prospective phase II study.
Radiother. Oncol. 2006, 81, 57–64. [CrossRef] [PubMed]

146. Ishikawa, H.; Tsuji, H.; Kamada, T.; Hirasawa, N.; Yanagi, T.; Mizoe, J.E.; Akakura, K.; Suzuki, H.;
Shimazaki, J.; Tsujii, H. Risk factors of late rectal bleeding after carbon ion therapy for prostate cancer.
Int. J. Radiat. Oncol. Biol. Phys. 2006, 66, 1084–1091. [CrossRef] [PubMed]

147. Ishikawa, H.; Tsuji, H.; Kamada, T.; Hirasawa, N.; Yanagi, T.; Mizoe, J.E.; Akakura, K.; Suzuki, H.;
Shimazaki, J.; Nakano, T.; et al. Adverse effects of androgen deprivation therapy on persistent genitourinary
complications after carbon ion radiotherapy for prostate cancer. Int. J. Radiat. Oncol. Biol. Phys. 2008, 72,
78–84. [CrossRef] [PubMed]

148. Shimazaki, J.; Tsuji, H.; Ishikawa, H.; Okada, T.; Akakura, K.; Suzuki, H.; Harada, M.; Tsujii, H. Carbon
ion radiotherapy for treatment of prostate cancer and subsequent outcomes after biochemical failure.
Anticancer Res. 2010, 30, 5105–5111. [PubMed]

149. Shimazaki, J.; Tsuji, H.; Ishikawa, H.; Kamada, T.; Harada, M.; Akakura, K.; Suzuki, H.; Ichikawa, T.; Tsujii, H.
Biochemical failure after carbon ion radiotherapy for prostate cancer. Anticancer Res. 2012, 32, 3267–3273.
[PubMed]

150. Maruyama, K.; Tsuji, H.; Nomiya, T.; Katoh, H.; Ishikawa, H.; Kamada, T.; Wakatsuki, M.; Akakura, K.;
Shimazaki, J.; Aoyama, H.; et al. Five-year quality of life assessment after carbon ion radiotherapy for
prostate cancer. J. Radiat. Res. 2017. [CrossRef] [PubMed]

151. Nomiya, T.; Tsuji, H.; Maruyama, K.; Toyama, S.; Suzuki, H.; Akakura, K.; Shimazaki, J.; Nemoto, K.;
Kamada, T.; Tsujii, H. Phase I/II trial of definitive carbon ion radiotherapy for prostate cancer: Evaluation of
shortening of treatment period to 3 weeks. Br. J. Cancer 2014, 110, 2389–2395. [CrossRef] [PubMed]

152. Okada, T.; Tsuji, H.; Kamada, T.; Akakura, K.; Suzuki, H.; Shimazaki, J.; Tsujii, H. Carbon ion radiotherapy
in advanced hypofractionated regimens for prostate cancer: From 20 to 16 fractions. Int. J. Radiat. Oncol.
Biol. Phys. 2012, 84, 968–972. [CrossRef] [PubMed]

153. Nomiya, T.; Tsuji, H.; Kawamura, H.; Ohno, T.; Toyama, S.; Shioyama, Y.; Nakayama, Y.; Nemoto, K.; Tsujii, H.;
Kamada, T. A multi-institutional analysis of prospective studies of carbon ion radiotherapy for prostate
cancer: A report from the Japan Carbon ion Radiation Oncology Study Group (J-CROS). Radiother. Oncol.
2016, 121, 288–293. [CrossRef] [PubMed]

154. Chemoradiotherapy for Cervical Cancer Meta-Analysis Collaboration. Reducing uncertainties about the
effects of chemoradiotherapy for cervical cancer: A systematic review and meta-analysis of individual
patient data from 18 randomized trials. J. Clin. Oncol. 2008, 26, 5802–5812. [CrossRef]

155. Kato, S.; Ohno, T.; Tsujii, H.; Nakano, T.; Mizoe, J.E.; Kamada, T.; Miyamoto, T.; Tsuji, H.; Kato, H.; Yamada, S.;
et al. 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. [CrossRef] [PubMed]

156. Wakatsuki, M.; Kato, S.; Ohno, T.; Karasawa, K.; Ando, K.; Kiyohara, H.; Tsujii, H.; Nakano, T.; Kamada, T.;
Shozu, M. Dose-escalation study of carbon ion radiotherapy for locally advanced squamous cell carcinoma
of the uterine cervix (9902). Gynecol. Oncol. 2014, 132, 87–92. [CrossRef] [PubMed]

157. Wakatsuki, M.; Kato, S.; Ohno, T.; Karasawa, K.; Kiyohara, H.; Tamaki, T.; Ando, K.; Tsujii, H.; Nakano, T.;
Kamada, T.; et al. Clinical outcomes of carbon ion radiotherapy for locally advanced adenocarcinoma of the
uterine cervix in phase 1/2 clinical trial (protocol 9704). Cancer 2014, 120, 1663–1669. [CrossRef] [PubMed]

158. Wakatsuki, M.; Kato, S.; Ohno, T.; Kiyohara, H.; Karasawa, K.; Tamaki, T.; Ando, K.; Irie, D.; Shiba, S.;
Tsujii, H.; et al. Difference in distant failure site between locally advanced squamous cell carcinoma and
adenocarcinoma of the uterine cervix after C-ion RT. J. Radiat. Res. 2015, 56, 523–528. [CrossRef] [PubMed]

159. Wakatsuki, M.; Kato, S.; Kiyohara, H.; Ohno, T.; Karasawa, K.; Tamaki, T.; Ando, K.; Tsujii, H.; Nakano, T.;
Kamada, T.; et al. Clinical trial of prophylactic extended-field carbon-ion radiotherapy for locally advanced
uterine cervical cancer (protocol 0508). PLoS ONE 2015, 10, e0127587. [CrossRef] [PubMed]

160. Bujold, A.; Massey, C.A.; Kim, J.J.; Brierley, J.; Cho, C.; Wong, R.K.; Dinniwell, R.E.; Kassam, Z.; Ringash, J.;
Cummings, B.; et al. Sequential phase I and II trials of stereotactic body radiotherapy for locally advanced
hepatocellular carcinoma. J. Clin. Oncol. 2013, 31, 1631–1639. [CrossRef] [PubMed]

161. Kato, H.; Tsujii, H.; Miyamoto, T.; Mizoe, J.E.; Kamada, T.; Tsuji, H.; Yamada, S.; Kandatsu, S.; Yoshikawa, K.;
Obata, T.; et al. 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. [CrossRef] [PubMed]

http://dx.doi.org/10.1016/j.radonc.2006.08.015
http://www.ncbi.nlm.nih.gov/pubmed/16971008
http://dx.doi.org/10.1016/j.ijrobp.2006.06.056
http://www.ncbi.nlm.nih.gov/pubmed/16979840
http://dx.doi.org/10.1016/j.ijrobp.2007.12.044
http://www.ncbi.nlm.nih.gov/pubmed/18456419
http://www.ncbi.nlm.nih.gov/pubmed/21187497
http://www.ncbi.nlm.nih.gov/pubmed/22843901
http://dx.doi.org/10.1093/jrr/rrw122
http://www.ncbi.nlm.nih.gov/pubmed/28043947
http://dx.doi.org/10.1038/bjc.2014.191
http://www.ncbi.nlm.nih.gov/pubmed/24722181
http://dx.doi.org/10.1016/j.ijrobp.2012.01.072
http://www.ncbi.nlm.nih.gov/pubmed/22898380
http://dx.doi.org/10.1016/j.radonc.2016.10.009
http://www.ncbi.nlm.nih.gov/pubmed/27836119
http://dx.doi.org/10.1200/JCO.2008.16.4368
http://dx.doi.org/10.1016/j.ijrobp.2005.12.050
http://www.ncbi.nlm.nih.gov/pubmed/16626894
http://dx.doi.org/10.1016/j.ygyno.2013.10.021
http://www.ncbi.nlm.nih.gov/pubmed/24183732
http://dx.doi.org/10.1002/cncr.28621
http://www.ncbi.nlm.nih.gov/pubmed/24591084
http://dx.doi.org/10.1093/jrr/rru117
http://www.ncbi.nlm.nih.gov/pubmed/25589503
http://dx.doi.org/10.1371/journal.pone.0127587
http://www.ncbi.nlm.nih.gov/pubmed/25993047
http://dx.doi.org/10.1200/JCO.2012.44.1659
http://www.ncbi.nlm.nih.gov/pubmed/23547075
http://dx.doi.org/10.1016/j.ijrobp.2004.01.032
http://www.ncbi.nlm.nih.gov/pubmed/15275734


Cancers 2017, 9, 66 28 of 30

162. Imada, H.; Kato, H.; Yasuda, S.; Yamada, S.; Yanagi, T.; Kishimoto, R.; Kandatsu, S.; Mizoe, J.E.; Kamada, T.;
Yokosuka, O.; et al. Comparison of efficacy and toxicity of short-course carbon ion radiotherapy for
hepatocellular carcinoma depending on their proximity to the porta hepatis. Radiother. Oncol. 2010, 96,
231–235. [CrossRef] [PubMed]

163. Yasuda, S. Hepatocellular Carcinoma. In Carbon-Ion Radiotherapy: Principles, Practices and Treatment Planning;
Tsujii, H., Kamada, T., Shirai, T., Noda, K., Tsuji, H., Karasawa, K., Eds.; Springer Japan: Tokyo, Jappan, 2014;
pp. 213–218.

164. Habermehl, D.; Debus, J.; Ganten, T.; Ganten, M.K.; Bauer, J.; Brecht, I.C.; Brons, S.; Haberer, T.; Haertig, M.;
Jakel, O.; et al. Hypofractionated carbon ion therapy delivered with scanned ion beams for patients with
hepatocellular carcinoma—Feasibility and clinical response. Radiat. Oncol. 2013, 8, 59. [CrossRef] [PubMed]

165. Combs, S.E.; Habermehl, D.; Ganten, T.; Schmidt, J.; Edler, L.; Burkholder, I.; Jakel, O.; Haberer, T.; Debus, J.
Phase I study evaluating the treatment of patients with hepatocellular carcinoma (HCC) with carbon ion
radiotherapy: The PROMETHEUS-01 trial. BMC Cancer 2011, 11, 67. [CrossRef] [PubMed]

166. Abe, T.; Saitoh, J.; Kobayashi, D.; Shibuya, K.; Koyama, Y.; Shimada, H.; Shirai, K.; Ohno, T.; Nakano, T.
Dosimetric comparison of carbon ion radiotherapy and stereotactic body radiotherapy with photon beams
for the treatment of hepatocellular carcinoma. Radiat. Oncol. 2015, 10, 187. [CrossRef] [PubMed]

167. Qi, W.X.; Fu, S.; Zhang, Q.; Guo, X.M. Charged particle therapy versus photon therapy for patients with
hepatocellular carcinoma: A systematic review and meta-analysis. Radiother. Oncol. 2015, 114, 289–295.
[CrossRef] [PubMed]

168. Griffin, J.F.; Smalley, S.R.; Jewell, W.; Paradelo, J.C.; Reymond, R.D.; Hassanein, R.E.; Evans, R.G. Patterns of
failure after curative resection of pancreatic carcinoma. Cancer 1990, 66, 56–61. [CrossRef]

169. Shinoto, M.; Shioyama, Y.; Matsunobu, A.; Okamoto, K.; Suefuji, H.; Toyama, S.; Honda, H.; Kudo, S.
Dosimetric analysis of upper gastrointestinal ulcer after carbon-ion radiotherapy for pancreatic cancer.
Radiother. Oncol. 2016, 120, 140–144. [CrossRef] [PubMed]

170. 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. [CrossRef] [PubMed]

171. Combs, S.E.; Habermehl, D.; Kieser, M.; Dreher, C.; Werner, J.; Haselmann, R.; Jakel, O.; Jager, D.;
Buchler, M.W.; Debus, J. Phase I study evaluating the treatment of patients with locally advanced pancreatic
cancer with carbon ion radiotherapy: The PHOENIX-01 trial. BMC Cancer 2013, 13, 419. [CrossRef] [PubMed]

172. Stupp, R.; Hegi, M.E.; Mason, W.P.; van den Bent, M.J.; Taphoorn, M.J.; Janzer, R.C.; Ludwin, S.K.; Allgeier, A.;
Fisher, B.; Belanger, K.; et al. Effects of radiotherapy with concomitant and adjuvant temozolomide versus
radiotherapy alone on survival in glioblastoma in a randomised phase III study: 5-year analysis of the
EORTC-NCIC trial. Lancet Oncol. 2009, 10, 459–466. [CrossRef]

173. Mizoe, J.E.; Tsujii, H.; Hasegawa, A.; Yanagi, T.; Takagi, R.; Kamada, T.; Tsuji, H.; Takakura, K. Phase I/II
clinical trial of carbon ion radiotherapy for malignant gliomas: Combined X-ray radiotherapy, chemotherapy,
and carbon ion radiotherapy. Int. J. Radiat. Oncol. Biol. Phys. 2007, 69, 390–396. [CrossRef] [PubMed]

174. Combs, S.E.; Bruckner, T.; Mizoe, J.E.; Kamada, T.; Tsujii, H.; Kieser, M.; Debus, J. Comparison of carbon ion
radiotherapy to photon radiation alone or in combination with temozolomide in patients with high-grade
gliomas: Explorative hypothesis-generating retrospective analysis. Radiother. Oncol. 2013, 108, 132–135.
[CrossRef] [PubMed]

175. Combs, S.E.; Kieser, M.; Rieken, S.; Habermehl, D.; Jakel, O.; Haberer, T.; Nikoghosyan, A.; Haselmann, R.;
Unterberg, A.; Wick, W.; et al. Randomized phase II study evaluating a carbon ion boost applied after
combined radiochemotherapy with temozolomide versus a proton boost after radiochemotherapy with
temozolomide in patients with primary glioblastoma: The CLEOPATRA trial. BMC Cancer 2010, 10, 478.
[CrossRef] [PubMed]

176. Combs, S.E.; Nikoghosyan, A.; Jaekel, O.; Karger, C.P.; Haberer, T.; Munter, M.W.; Huber, P.E.; Debus, J.;
Schulz-Ertner, D. Carbon ion radiotherapy for pediatric patients and young adults treated for tumors of the
skull base. Cancer 2009, 115, 1348–1355. [CrossRef] [PubMed]

177. Combs, S.E.; Kessel, K.A.; Herfarth, K.; Jensen, A.; Oertel, S.; Blattmann, C.; Ecker, S.; Hoess, A.; Martin, E.;
Witt, O.; et al. Treatment of pediatric patients and young adults with particle therapy at the Heidelberg
Ion Therapy Center (HIT): Establishment of workflow and initial clinical data. Radiat. Oncol. 2012, 7, 170.
[CrossRef] [PubMed]

http://dx.doi.org/10.1016/j.radonc.2010.05.019
http://www.ncbi.nlm.nih.gov/pubmed/20579756
http://dx.doi.org/10.1186/1748-717X-8-59
http://www.ncbi.nlm.nih.gov/pubmed/23497349
http://dx.doi.org/10.1186/1471-2407-11-67
http://www.ncbi.nlm.nih.gov/pubmed/21314962
http://dx.doi.org/10.1186/s13014-015-0491-8
http://www.ncbi.nlm.nih.gov/pubmed/26377092
http://dx.doi.org/10.1016/j.radonc.2014.11.033
http://www.ncbi.nlm.nih.gov/pubmed/25497556
http://dx.doi.org/10.1002/1097-0142(19900701)66:1&lt;56::AID-CNCR2820660112&gt;3.0.CO;2-6
http://dx.doi.org/10.1016/j.radonc.2016.04.040
http://www.ncbi.nlm.nih.gov/pubmed/27178145
http://dx.doi.org/10.1002/cncr.27723
http://www.ncbi.nlm.nih.gov/pubmed/22744973
http://dx.doi.org/10.1186/1471-2407-13-419
http://www.ncbi.nlm.nih.gov/pubmed/24034562
http://dx.doi.org/10.1016/S1470-2045(09)70025-7
http://dx.doi.org/10.1016/j.ijrobp.2007.03.003
http://www.ncbi.nlm.nih.gov/pubmed/17459607
http://dx.doi.org/10.1016/j.radonc.2013.06.026
http://www.ncbi.nlm.nih.gov/pubmed/23932193
http://dx.doi.org/10.1186/1471-2407-10-478
http://www.ncbi.nlm.nih.gov/pubmed/20819220
http://dx.doi.org/10.1002/cncr.24153
http://www.ncbi.nlm.nih.gov/pubmed/19156905
http://dx.doi.org/10.1186/1748-717X-7-170
http://www.ncbi.nlm.nih.gov/pubmed/23072718


Cancers 2017, 9, 66 29 of 30

178. Jensen, A.D.; Poulakis, M.; Nikoghosyan, A.V.; Chaudhri, N.; Uhl, M.; Munter, M.W.; Herfarth, K.K.; Debus, J.
Re-irradiation of adenoid cystic carcinoma: Analysis and evaluation of outcome in 52 consecutive patients
treated with raster-scanned carbon ion therapy. Radiother. Oncol. 2015, 114, 182–188. [CrossRef] [PubMed]

179. Yamada, S.; Kamada, T.; Ebner, D.K.; Shinoto, M.; Terashima, K.; Isozaki, Y.; Yasuda, S.; Makishima, H.;
Tsuji, H.; Tsujii, H.; et al. Carbon-Ion Radiation Therapy for Pelvic Recurrence of Rectal Cancer. Int. J. Radiat.
Oncol. Biol. Phys. 2016, 96, 93–101. [CrossRef] [PubMed]

180. Habermehl, D.; Wagner, M.; Ellerbrock, M.; Buchler, M.W.; Jakel, O.; Debus, J.; Combs, S.E. Reirradiation
Using Carbon Ions in Patients with Locally Recurrent Rectal Cancer at HIT: First Results. Ann. Surg. Oncol.
2015, 22, 2068–2074. [CrossRef] [PubMed]

181. Combs, S.E.; Kieser, M.; Habermehl, D.; Weitz, J.; Jager, D.; Fossati, P.; Orrechia, R.; Engenhart-Cabillic, R.;
Potter, R.; Dosanjh, M.; et al. Phase I/II trial evaluating carbon ion radiotherapy for the treatment of recurrent
rectal cancer: The PANDORA-01 trial. BMC Cancer 2012, 12, 137. [CrossRef] [PubMed]

182. Uhl, M.; Welzel, T.; Jensen, A.; Ellerbrock, M.; Haberer, T.; Jakel, O.; Herfarth, K.; Debus, J. Carbon ion beam
treatment in patients with primary and recurrent sacrococcygeal chordoma. Strahlentherapie und Onkologie
2015, 191, 597–603. [CrossRef] [PubMed]

183. Uhl, M.; Welzel, T.; Oelmann, J.; Habl, G.; Hauswald, H.; Jensen, A.; Ellerbrock, M.; Debus, J.; Herfarth, K.
Active raster scanning with carbon ions: Reirradiation in patients with recurrent skull base chordomas and
chondrosarcomas. Strahlentherapie und Onkologie 2014, 190, 686–691. [CrossRef] [PubMed]

184. Takahashi, W.; Nakajima, M.; Yamamoto, N.; Yamada, S.; Yamashita, H.; Nakagawa, K.; Tsuji, H.; Kamada, T.
Carbon ion radiotherapy for oligo-recurrent lung metastases from colorectal cancer: A feasibility study.
Radiat. Oncol. 2014, 9, 68. [CrossRef] [PubMed]

185. Ito, Y.; Morikawa, S.; Kato, S.; Kajiyama, H.; Nawa, A.; Kikkawa, F. Carbon ion radiotherapy for recurrent
malignant transformation from mature cystic teratoma of the ovary. J. Obstet. Gynaecol. Res. 2012, 38, 880–883.
[CrossRef] [PubMed]

186. Combs, S.E.; Kalbe, A.; Nikoghosyan, A.; Ackermann, B.; Jakel, O.; Haberer, T.; Debus, J. Carbon ion
radiotherapy performed as re-irradiation using active beam delivery in patients with tumors of the brain,
skull base and sacral region. Radiother. Oncol. 2011, 98, 63–67. [CrossRef] [PubMed]

187. Combs, S.E.; Burkholder, I.; Edler, L.; Rieken, S.; Habermehl, D.; Jakel, O.; Haberer, T.; Haselmann, R.;
Unterberg, A.; Wick, W.; et al. Randomised phase I/II study to evaluate carbon ion radiotherapy versus
fractionated stereotactic radiotherapy in patients with recurrent or progressive gliomas: The CINDERELLA
trial. BMC Cancer 2010, 10, 533. [CrossRef] [PubMed]

188. Jakel, O.; Land, B.; Combs, S.E.; Schulz-Ertner, D.; Debus, J. On the cost-effectiveness of Carbon ion radiation
therapy for skull base chordoma. Radiother. Oncol. 2007, 83, 133–138. [CrossRef] [PubMed]

189. Mobaraki, A.; Ohno, T.; Yamada, S.; Sakurai, H.; Nakano, T. Cost-effectiveness of carbon ion radiation
therapy for locally recurrent rectal cancer. Cancer Sci. 2010, 101, 1834–1839. [CrossRef] [PubMed]

190. Grutters, J.P.; Pijls-Johannesma, M.; Ruysscher, D.D.; Peeters, A.; Reimoser, S.; Severens, J.L.; Lambin, P.;
Joore, M.A. 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. [CrossRef] [PubMed]

191. Yamamoto, N.; Miyamoto, T.; Nakajima, M.; Karube, M.; Hayashi, K.; Tsuji, H.; Tsujii, H.; Kamada, T.;
Fujisawa, T. A Dose Escalation Clinical Trial of Single-Fraction Carbon Ion Radiotherapy for Peripheral Stage
I Non-Small Cell Lung Cancer. J. Thorac. Oncol. 2017, 12, 673–680. [CrossRef] [PubMed]

192. Pignalosa, D.; Lee, R.; Hartel, C.; Sommer, S.; Nikoghosyan, A.; Debus, J.; Ritter, S.; Durante, M. Chromosome
inversions in lymphocytes of prostate cancer patients treated with X-rays and carbon ions. Radiother. Oncol.
2013, 109, 256–261. [CrossRef] [PubMed]

193. Blyth, B.J.; Kakinuma, S.; Sunaoshi, M.; Amasaki, Y.; Hirano-Sakairi, S.; Ogawa, K.; Shirakami, A.; Shang, Y.;
Tsuruoka, C.; Nishimura, M.; et al. Genetic Analysis of T Cell Lymphomas in Carbon Ion-Irradiated Mice
Reveals Frequent Interstitial Chromosome Deletions: Implications for Second Cancer Induction in Normal
Tissues during Carbon Ion Radiotherapy. PLoS ONE 2015, 10, e0130666. [CrossRef] [PubMed]

194. Schneider, U. Modeling the risk of secondary malignancies after radiotherapy. Genes 2011, 2, 1033–1049.
[CrossRef] [PubMed]

195. Eley, J.G.; Friedrich, T.; Homann, K.L.; Howell, R.M.; Scholz, M.; Durante, M.; Newhauser, W.D. Comparative
Risk Predictions of Second Cancers After Carbon-Ion Therapy Versus Proton Therapy. Int. J. Radiat. Oncol.
Biol. Phys. 2016, 95, 279–286. [CrossRef] [PubMed]

http://dx.doi.org/10.1016/j.radonc.2015.01.002
http://www.ncbi.nlm.nih.gov/pubmed/25640299
http://dx.doi.org/10.1016/j.ijrobp.2016.04.022
http://www.ncbi.nlm.nih.gov/pubmed/27375166
http://dx.doi.org/10.1245/s10434-014-4219-z
http://www.ncbi.nlm.nih.gov/pubmed/25384705
http://dx.doi.org/10.1186/1471-2407-12-137
http://www.ncbi.nlm.nih.gov/pubmed/22472035
http://dx.doi.org/10.1007/s00066-015-0825-3
http://www.ncbi.nlm.nih.gov/pubmed/25737378
http://dx.doi.org/10.1007/s00066-014-0608-2
http://www.ncbi.nlm.nih.gov/pubmed/24663287
http://dx.doi.org/10.1186/1748-717X-9-68
http://www.ncbi.nlm.nih.gov/pubmed/24581481
http://dx.doi.org/10.1111/j.1447-0756.2011.01794.x
http://www.ncbi.nlm.nih.gov/pubmed/22449402
http://dx.doi.org/10.1016/j.radonc.2010.10.010
http://www.ncbi.nlm.nih.gov/pubmed/21112107
http://dx.doi.org/10.1186/1471-2407-10-533
http://www.ncbi.nlm.nih.gov/pubmed/20925951
http://dx.doi.org/10.1016/j.radonc.2007.03.010
http://www.ncbi.nlm.nih.gov/pubmed/17490770
http://dx.doi.org/10.1111/j.1349-7006.2010.01604.x
http://www.ncbi.nlm.nih.gov/pubmed/20500516
http://dx.doi.org/10.1016/j.ctrv.2010.02.018
http://www.ncbi.nlm.nih.gov/pubmed/20303217
http://dx.doi.org/10.1016/j.jtho.2016.12.012
http://www.ncbi.nlm.nih.gov/pubmed/28007628
http://dx.doi.org/10.1016/j.radonc.2013.09.021
http://www.ncbi.nlm.nih.gov/pubmed/24183064
http://dx.doi.org/10.1371/journal.pone.0130666
http://www.ncbi.nlm.nih.gov/pubmed/26125582
http://dx.doi.org/10.3390/genes2041033
http://www.ncbi.nlm.nih.gov/pubmed/24710304
http://dx.doi.org/10.1016/j.ijrobp.2016.02.032
http://www.ncbi.nlm.nih.gov/pubmed/27084647


Cancers 2017, 9, 66 30 of 30

196. Liu, Q.; Ghosh, P.; Magpayo, N.; Testa, M.; Tang, S.; Gheorghiu, L.; Biggs, P.; Paganetti, H.; Efstathiou, J.A.;
Lu, H.M.; et al. Lung cancer cell line screen links fanconi anemia/BRCA pathway defects to increased
relative biological effectiveness of proton radiation. Int. J. Radiat. Oncol. Biol. Phys. 2015, 91, 1081–1089.
[CrossRef] [PubMed]

197. Oonishi, K.; Cui, X.; Hirakawa, H.; Fujimori, A.; Kamijo, T.; Yamada, S.; Yokosuka, O.; Kamada, T. Different
effects of carbon ion beams and X-rays on clonogenic survival and DNA repair in human pancreatic cancer
stem-like cells. Radiother. Oncol. 2012, 105, 258–265. [CrossRef] [PubMed]

198. Cui, X.; Oonishi, K.; Tsujii, H.; Yasuda, T.; Matsumoto, Y.; Furusawa, Y.; Akashi, M.; Kamada, T.; Okayasu, R.
Effects of carbon ion beam on putative colon cancer stem cells and its comparison with X-rays. Cancer Res.
2011, 71, 3676–3687. [CrossRef] [PubMed]

199. Sai, S.; Wakai, T.; Vares, G.; Yamada, S.; Kamijo, T.; Kamada, T.; Shirai, T. Combination of carbon ion beam
and gemcitabine causes irreparable DNA damage and death of radioresistant pancreatic cancer stem-like
cells in vitro and in vivo. Oncotarget 2015, 6, 5517–5535. [CrossRef] [PubMed]

200. Yajima, H.; Fujisawa, H.; Nakajima, N.I.; Hirakawa, H.; Jeggo, P.A.; Okayasu, R.; Fujimori, A. The complexity
of DNA double strand breaks is a critical factor enhancing end-resection. DNA Repair 2013, 12, 936–946.
[CrossRef] [PubMed]

© 2017 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1016/j.ijrobp.2014.12.046
http://www.ncbi.nlm.nih.gov/pubmed/25832698
http://dx.doi.org/10.1016/j.radonc.2012.08.009
http://www.ncbi.nlm.nih.gov/pubmed/23017870
http://dx.doi.org/10.1158/0008-5472.CAN-10-2926
http://www.ncbi.nlm.nih.gov/pubmed/21454414
http://dx.doi.org/10.18632/oncotarget.3584
http://www.ncbi.nlm.nih.gov/pubmed/25849939
http://dx.doi.org/10.1016/j.dnarep.2013.08.009
http://www.ncbi.nlm.nih.gov/pubmed/24041488
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Rationale for Charged Particle Therapy 
	Physics Rationale: The Spread-Out Bragg Peak, Enhanced Dose Distribution, Lateral Focusing, Dose Verification, and Superior Linear Energy Transfer 
	The Spread-Out Bragg Peak, Enhanced Dose Distribution, and Lateral Focusing 
	Dose Verification 
	Superior LET 

	Biological Rationale: Relative Biological Effectiveness, Complex DNA Damage, and Oxygen Enhancement Ratio 

	Complex DNA Damage and Repair 
	Charged Particles and Track Structures 
	LET and Clustered DNA Damage 
	Clustered Damage, Chromosomes and DNA Repair 

	Preclinical Research in Carbon Ion Radiotherapy 
	DNA Damage and Repair after CIRT in Select Preclinical Models 
	LET-Dependent Differential Expression of DNA Repair Genes 
	CIRT and Chemotherapy 

	Clinical Experiences with CIRT 
	Brief History 
	Clinical Rationale 
	Clinical Experience by Disease Site 
	Osteosarcomas and Soft Tissue Sarcomas (STS) 
	Head and Neck (Including Skull Base) Cancers 
	Prostate Cancers 
	Cervical Cancers 
	Hepatocellular Carcinomas (HCC) 
	Pancreatic Cancers 
	Glioblastoma (GBM) 
	Pediatric Cancers 
	Recurrent and Previously Irradiated Cancers 

	Cost-Effectiveness of Carbon Ion Radiotherapy 
	Carcinogenesis after Carbon Ion Radiotherapy 
	Opportunities for Further Improving Efficacy of CIRT in the Clinic 

	Future Promises and Concluding Remarks 

