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Abstract

lonizing radiation causes many types of DNA damage, including base damage and single- and
double-strand breaks. Photons, including X-rays and y-rays, are the most widely used type of
ionizing radiation in radiobiology experiments, and in radiation cancer therapy. Charged particles,
including protons and carbon ions, are seeing increased use as an alternative therapeutic modality.
Although the facilities needed to produce high energy charged particle beams are more costly than
photon facilities, particle therapy has shown improved cancer survival rates, reflecting more
highly focused dose distributions and more severe DNA damage to tumor cells. Despite early
successes of charged particle radiotherapy, there is room for further improvement, and much
remains to be learned about normal and cancer cell responses to charged particle radiation.
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1. Introduction

Radiation biology has a long history beginning shortly after the discovery of X-rays by
Roentgen in 1895 with reports of X-rays affecting skin in 1896, and inducing skin cancer in
1902. The genetic effects of ionizing radiation (IR) were first explored in Muller’s X-ray
experiments with Drosophila [1]. X-rays are generated by accelerating electrons onto a
target such as the original cathode ray tube used by Roentgen. X-rays are a class of photons
with sufficient energy to create ionization in materials through which they are passing. y-
rays are generally higher energy photons that are emitted through the radioactive decay of
elements such as %0Co and 137Cs. X-rays and y-rays create initial ionizing events that
liberate electrons which continue to produce secondary ionizations until they stop. In general
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the pattern and distribution of these ionizations is widely dispersed within the irradiated
material.

In 1919, Ernest Rutherford first demonstrated the existence of the proton [2], opening up
studies of many different forms of IR based on charged particles. Such particles range from
protons (hydrogen atoms stripped of their single electron) and o particles (He nuclei) to
heavy, high energy particles (HZE) such as carbon (}2C) and iron (°8Fe) ions. These belong
to a family of particles called hadrons that refers to their ability to participate in nuclear
interactions in addition to atomic interactions based on charge. For decades, the nature,
behavior and practical applications of hadrons has captivated physicists and scientists from
many other disciplines.

HZE particles create ionization immediately and continuously as they penetrate matter.
Because of their large mass, they travel in straight trajectories with a relatively well defined
stopping point or range. The pattern of HZE energy deposition is characterized by a dense
core of ionization that is localized along the trajectory of the particle [3]. Linear energy
transfer (LET) reflects the rate at which ionization is produced along the track of charged
particles and has dimensions of energy per unit length (e.g., keV/um). Electrons have sparse
ionizations along the track (~ 0.2 keV/um) and are classified as low LET radiation. This
classification also applies to photons that produce sparsely ionizing electrons, whereas HZE
particles can have a LET >100 keV/um and are classified as high LET radiations.

The biological response to IR is measured with respect to absorbed dose which is
operationally defined as the energy absorbed in a volume of material divided by the mass of
the volume. Dose is expressed in units of Gray (Gy) which is equivalent to 1 Joule/kg. It was
soon recognized that some types of radiation were more effective at killing cells than others.
The concept of relative biological effectiveness (RBE) was created to quantify this
phenomenon. RBE is the ratio of the dose of a reference radiation (photons) to the dose of
the test radiation to produce the same biological endpoint. To a first approximation, RBE
increases with increasing LET.

X-ray beams can be produced by compact machines where electrons with energies from 5-
200 keV are incident upon a target in an enclosed vacuum tube. The emerging photons have
a distribution of energies depending on the energy of the incident electrons and beam
energies are indicated as 5 kV, 50 kV, 200 kV etc. Diagnostic imaging with X-rays is
usually performed in the range 30-150 kV. y-rays are emitted with fixed energies that can
range from 50 keV to 3 MeV depending on the radioactive isotope. Modern clinical linear
accelerators produce external high energy electron beams ranging from 4 MeV to 25 MeV
that can be steered to an internal target to produce beams that are referred to as MV photons
depending on the energy of the accelerated electrons (e.g., 4 MV, 25 MV).

Hadron beams have been produced at particle accelerator research facilities for many
decades. In the US, Fermilab accelerates protons to 2,000,000 MeV (2 TeV) and the Large
Hadron Collider in Europe is colliding counter rotating proton beams at 8 TeV. Hadron
beams are also being developed for basic biological research and clinical applications for
cancer therapy. The two therapeutic modalities for hadron beams are protons from 70-250
MeV and carbon ions from 200-430 MeV. Because relatively simple systems are used to
generate X-rays and y-rays, the vast majority of biological studies of IR over the past
century have focused on photons. In this mini-review we focus on the radiobiological and
therapeutic aspects of charged particle hadron radiation and highlight different physical and
biological effects of photon and hadron radiation.
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2. Energy Deposition Patterns of Photon and Hadron Radiation

As mentioned above, X-ray and y-ray photons deposit energy in tissue in a highly dispersed
manner, characterized as low “linear energy transfer” (LET). LET is the amount of energy
(expressed in electron volts) deposited (or lost) per micrometer (keV/um), and IR can be
either low LET (sparsely ionizing) or high LET (densely ionizing). Photons are low LET
radiation, displaying a very broad energy distribution in tissue, and the peak dose is located
relatively close to the surface [3] (Fig. 1). Hadron particles may be either low or high LET,
but in either case, hadrons interact with matter and deposit energy quite differently than
photons [3] (Fig. 1). As hadron particles slow from collisions with matter they release small
amounts of energy along the track until they reach a critical speed at which point they
decelerate rapidly, depositing a large fraction of their energy in a very narrow zone termed
the Bragg peak, first described in 1907 [4]. Beyond the Bragg peak, the energy release
diminishes very rapidly, thus tissue beyond the Bragg peak receives little or no radiation
dose. The broad distribution of photon energy in tissue, and the peak deposition near the
surface, makes it difficult to effectively treat deep-seated tumors and spare normal tissue. To
overcome these limitations, photon beams are typically directed toward tumors from several
directions and beam intensity is modulated (intensity modulated radiation therapy or IMRT),
“conforming” a high dose to the tumor and minimizing the dose surrounding normal tissue.

The physical properties of hadron radiation provide several significant benefits in
radiotherapy. First, large amounts of energy can be accurately deposited into tumors at
various depths. Second, there is less damage to surrounding normal tissue, particularly
beyond the distal boundary of the tumor due to the rapid decrease in energy deposition distal
to the Bragg peak [5,6]. In addition, proximal tissue, while receiving a significant dose, is
exposed primarily to less harmful low LET radiation (see below). These properties allow
clinicians to spare sensitive tissues, such as the spinal cord, when treating nearby tumors.
Carbon ion beams also have smaller penumbras (less lateral spread) than photons or protons,
increasing the accuracy of beam delivery to tumor targets [7]. Although protons and carbon
ions both show sharp Bragg peaks, a key difference is that protons are low LET radiation,
like photons, whereas carbon ions are high LET radiation which creates more complex
damage in DNA and other cellular structures and molecules, yielding greater tumor killing,
as discussed in the next section.

3. LET, RBE, and the Oxygen Enhancement Ratio

RBE compares the efficiency of different types of radiation relative to y-rays in producing a
defined biological effect (typically cell killing) [8-10]. The average RBE for protons is ~1.1
[11] while the average RBE for carbon ions is much higher, estimated to be 2.5 to 3 (Fig.
2a), although values as high as 5 have been reported [12]. RBE can vary considerably within
the volume of a tumor due to factors such as beam spread, depth of the tissue and numerous
other parameters [5]. The greater RBE with carbon ions is largely a reflection of its high
LET, which produces more complex DNA damage that is refractory to repair [13,14], and
can stimulate apoptosis [15,16]. Cellular responses to high LET radiation are the focus of
much biological research, due to the clinical relevance of DNA damage in cancer
therapeutic strategies.

The majority of DNA damage by either high or low LET radiation is thought to arise
indirectly through production of reactive oxygen species (ROS). Oxygenated tissues are
more sensitive to low LET radiation, reflecting the requirement for ROS production to
damage DNA. Unfortunately, many tumors are hypoxic, or have hypoxic regions, and these
show significant radioresistance to low LET radiation. One measure of this resistance is the
“oxygen enhancement ratio” (OER), which is the ratio of doses required to produce the same
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biological effect with a given type of radiation in the presence or absence of oxygen [17].
For both photon and proton radiation, the OER is ~3, meaning that cell killing is ~3-fold
greater in normoxic vs hypoxic conditions. Importantly, carbon ions show a much lower
OER (Fig. 2b), thus even hypoxic tumors show significant sensitivity to high LET carbon
ion radiation, most likely reflecting the larger mass of carbon ions that achieve dense
ionization even in hypoxic conditions, resulting in more clustered (difficult to repair) DNA
damage [18,19].

The Bragg peak for monoenergetic proton and carbon beams is narrow and well focused.
However tumors can be extensive with irregular dimensions. A “spread out Bragg peak”
(SOBP) is required to insure that heavy ions stop in all regions of the tumor. As mentioned
earlier, the location of the Bragg peak can be adjusted by adjusting the energy of the incident
beam. The Bragg peak of a single carbon beam, and a SOBP that creates an equal dose in
the designated tumor volume, are shown in Fig. 3a. Note that the dose to the distal end of the
tumor is delivered exclusively by stopping particles. The doses to proximal regions of the
tumor have a successively reduced contribution from smaller peaks (lower incident energy)
to accommodate for the accumulated doses from particles passing through and stopping at
greater distances. Thus, even though the absorbed dose is uniform, there is a changing
distribution of energies, and therefore a changing distribution of LET, as a function of depth
in the tumor. The objective for successful cancer therapy is to insure uniform Killing
throughout the treatment volume. However as described earlier, the RBE for cell killing
increases with LET. Thus the dose in the SOBP should not be uniform, but is adjusted to
account for RBE. An example of an equi-effect SOBP, where doses are varied to account for
changing LET in the tumor volume, is shown in Fig. 3b.

The LET changes within the SOBP because different incident energies are used to create a
distribution of Bragg peaks (Fig. 3a), and because of particle fragmentation. As shown in
Fig. 4a, the distal region of the tumor receives a dose that is almost exclusively high LET,
but the dose to the proximal region is mostly low LET. Protons and carbon ions are
classified as hadrons and are thus capable of nuclear interactions. When HZE particles
penetrate tissue, some particles interact with nuclei, causing fragmentation of the incident
particle. These projectile fragments have the same velocity as the original particle but
reduced mass and charge. This results in a mixture of particles with different LET passing
through the tumor. The LET distribution of carbon and fragments at a depth of 3 cm in water
for incident carbon with an energy of 230 MeV/nucleon is shown in Fig. 4b. In this instance,
about 25% of the particles are fragments with reduced LET. These fragments must be
accounted for because they contribute a low LET dose to the tumor, and because low LET
particles penetrate farther into tissue and could contribute to a dose to normal tissue beyond
the Bragg peak of the stopping carbon ions.

Because hadron beams are so tightly focused, accurate beam delivery is essential. The
particle fragments produced by carbon ions allow precise monitoring of doses to tissues by
using in-beam positron emission tomography (PET) which detects B* emitting fragments
(e.g., 10C, 11C, and 1°0). This is a well-established technique for carbon ions, and recent
studies suggest this technique may also be feasible for photon and proton beams, although
the need for precision dose delivery is certainly greater with the more focused carbon ion
and proton beams [20-22].

4. Radiosensitizers, radioprotectors, and risks of radiation exposure

Several approaches have proven effective in sensitizing cells to the killing effects of
radiation, including hyperthermia, small molecule drugs or genetic approaches to inhibit
DNA repair, and increasing oxygen [23-25]. Cells are sensitized to low LET IR by
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increased oxygen because of the marked OER displayed by these radiations. The lower OER
of high LET IR indicates that increasing oxygen will provide limited sensitization to carbon
ion radiation. DNA repair systems are important targets for radiosensitization, with
significant attention paid to non-homologous end-joining since this pathway is responsible
for repairing the majority of DNA double-strand breaks (DSBs), the major cytotoxic lesion
induced by IR. Other pathways under investigation are homologous recombination and base
excision repair [26,27]. Increasing attention is being paid to radiosensitization by targeting
the broader DNA damage response, including checkpoint proteins [28]. DNA repair and
checkpoint systems can be inactivated by genetic approaches, such as siRNA knockdown of
critical repair proteins, or by using small molecule inhibitors of these proteins. In contrast,
radioprotection of normal tissues can be afforded by the use of free radical scavengers or by
enhancing repair capacity [29]. Although these approaches have proven effective in the
laboratory, they have found limited utility in the clinic because of both normal and tumor
cells rely on repair and checkpoint systems for survival hence inhibiting these systems does
not necessarily improve therapeutic index. In theory radiosensitizers specifically targeted to
tumor cells (or radioprotectors to normal tissue) would enhance the therapeutic index, but
efficient delivery and/or targeting appropriate cells presents significant challenges. Such
approaches may be less important for hadron RT because hadron radiation can be delivered
to a target volume with high accuracy, and in the case of carbon ions, the complex damage
they produce is highly lethal and further sensitization by drug or genetic approaches may not
be necessary.

There are known risks associated with photon and hadron radiation. Damage from both low
and high LET radiation causes mutations, which could produce secondary tumors. This risk
is relatively low and well within acceptable risk-benefit ratio for photon and proton RT,
although there is increased concern with younger patients. It is too early to evaluate the risk
of secondary cancer from carbon ion RT, but concerns have been raised [19]. Because the
risk of secondary cancer is restricted to the exposed tissue, the superior dose distributions of
protons and carbon ions help to minimize the volume of at-risk tissue. The immediate
benefits of RT typically outweigh these risks, although there remains significant concern for
pediatric patients due to their longer lifespan potential and the increased chance of
developing cancer when growing tissues are irradiated.

Irradiated cells may carry an increased mutation load that could drive transformation of
normal cells or progression of surviving tumor cells leading to aggressive local recurrence
and/or metastasis. The mutagenic risks for photon and proton RT appear to be low, but there
is increased concern about mutagenesis induced by heavy hadron radiation (carbon, space
radiation) because complex DNA damage is thought to be more mutagenic [19]. Substantial
data support this notion in model systems (e.g., repair of clustered damage in
oligonucleotides or plasmids) [19], but results in tissue culture and animal models are not
easily interpreted, as discussed in the next section.

Negative sequelae from radiation exposure that occur more quickly include tissue damage
(“late tissue injury”) such as radiation-induced fibrosis and necrosis [30], and tumor
repopulation [31] leading to local recurrence. Studies of patients treated with current carbon
ion RT protocols suggest that serious late tissue injury occurs no more often, and usually
less often, than observed with photon or proton RT (see Hadron Radiation for Cancer
Therapy, below). Further research is required to identify potential differences in the
frequencies of negative sequelae after treatment with each type of radiation.

Mutat Res. Author manuscript; available in PMC 2012 June 3.
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5. Hadron Radiation and Mutagenesis

The densely ionizing (high LET) radiation achieved with carbon and other high-mass
particles is thought to create greater amounts of clustered DNA damage, which poses
significant challenges for cellular DNA repair systems. Clustered DNA damage produced by
a single radiation track through a cell may comprise multiple single-strand breaks and DSBs,
abasic sites and other forms of base damage within one or two turns of the DNA double
helix [18]. When normal human fibroblasts were exposed to hadron radiation with different
ions such as oxygen, iron, or silicon, iron ions produced more persistent DSBs, minimal
repair, and decreased survival suggesting that the higher LET of the heavier ions generates
more clustered DNA damage that is difficult to repair [32,33]. The hyperthermal secondary
fragments that are generated as the particle traverses the cell also contribute to clustered
DNA damage because they can scatter from 5-10 nm of their formation site and cause
ancillary DNA damage to the opposite phosphate-sugar backbone [34].

At the molecular level, complex damage can be inferred from the size of DNA deletions
resulting from radiation exposure. Sequence comparison of deletions in gpt delta transgenic
mice irradiated with 10 Gy X-rays, y-rays or heavy ions showed that heavy ion treatment
often produced deletions in excess of 1000 bp while X-rays and y-rays typically yielded
deletions of less than 100 bp [35]. These authors suggested that most photon-induced
mutations arose through indirect effects such as ROS generation, whereas heavy ions
induced mutations via more direct ionization of DNA. A recent study comparing y-ray and
carbon ion irradiation of plasmid DNA in the presence or absence of the free-radical
scavenger mannitol supports this idea. Mannitol abrogated the linearization of supercoiled
plasmid DNA by vy-rays, but even high concentrations of mannitol had no effect on plasmid
linearization by carbon ions [36]. This in vitro study also supports the idea that DNA
damage created by heavy ions is not strongly influenced by environmental factors.

Analysis of repair and mutagenesis in engineered oligonucleotide or plasmid substrates
demonstrates the increased mutability of clustered damage [19], but studies of mutagenesis
at chromosomal loci in cells and animals are not easy to interpret. For example, mutation
induction in the autosomal TK and X-linked HPRT loci shows differential responses to LET
ranging from 32-190 keV/um, with TK mutagenesis increasing up to 61 keV/um but
decreasing at higher LET, whereas mutability at HPRT plateaus above 61 keV/um [37].
Moreover, mice irradiated with equivalent doses of photons and heavy (Fe) ions showed a
~50-fold higher rate of liver cancer with heavy ions, but no difference in leukemia induction
[38]. Many factors are likely to contribute to differential mutability, and susceptibility to
radiation-induced cancer, of cells and tissues to low and high LET radiation, including
genetic background (i.e., repair capacity and DNA damage checkpoint status), fractions of
proliferating cells vs post-mitotic cells, proliferation rates and cell cycle distributions, dose
and dose-rate effects, and gene locus and tissue-specific effects.

Although cells typically arrest in the cell cycle after radiation exposure, they may enter
mitosis with as many as 10-20 DSBs [39]. Cells that accumulate mutations and manifest a
negligible G2/M checkpoint may eventually promote carcinogenesis [40] and contribute to
tumor repopulation [31]. Chromosome aberrations such as complex rearrangements, and
changes in chromosome numbers, can occur after exposure to HZE radiation in space or
charged particle beams from accelerators [41,42]. Cytogenetic dosimetry is being developed
as a diagnostic tool to assay chromosome damage in space travelers [43-46] and will likely
also prove useful in radiotherapy clinics.

Mutat Res. Author manuscript; available in PMC 2012 June 3.
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6. Gene expression studies

Genome-wide transcriptional changes in response to photon radiation have been widely
studied [47], but few comparable studies with heavy ion radiation have been reported. Two
studies examined gene expression changes in response to carbon ion treatment. Vascular
endothelial growth factor (VEGF) mRNA levels were monitored and found to be induced in
RERF-LC-AI lung squamous carcinoma cells by a maximum of 2.8-fold in a LET dose—
dependent manner after treatment with 15 Gy of high LET (13.3, 50 and 90 keV/um) carbon
ion radiation [48]. Using high-coverage expression profiling (HiCEP), Fujimori and co-
workers found the abnormal spindle-like microcephaly associated gene (ASPM) was
downregulated in human diploid fibroblasts after exposure to 2 Gy of high LET (70 keV/
um) carbon ions [49]. Further gene expression studies should prove useful in identifying
potential gene targets that may be manipulated to sensitize tumor cells, or protect normal
cells, during carbon ion radiotherapy.

7. Hadron Radiation for Cancer Therapy

Hadron-particle radiotherapy using protons and heavy ions has advantages for treating
cancer patients with tumors that are difficult if not impossible to treat with conventional
photon radiotherapy. Superior dose distribution from charged-particle beams can provide
improved targeting of tumors with preferential localized cell killing that results in reduced
ancillary damage to surrounding tissues. Robert R. Wilson recognized the potential of heavy
charged particles and first proposed the use of fast protons for radiotherapy in 1946 [50].
The first treatments using protons and helium ions began in 1954 and 1957 respectively at
the Lawrence Berkeley National Laboratory [51]. A total of 78,275 patients had received
hadron-particle treatment by the end of 2009. Proton treatment accounts for the majority of
the patients treated (67,097), with helium (2054) carbon (7151), other ions (873) and pions
(1100) making up the rest [52]. Currently there are 29 facilities in operation worldwide that
are dedicated to proton treatment [53] but only five facilities are treating patients with
carbon ions, three of which are in Japan, including the Heavy lon Medical Accelerator in
Chiba (HIMAC) at the National Institute of Radiological Sciences (NIRS), which first began
patient treatment in 1994, Hyogo lon Beam Medical Center, and Gunma University Heavy-
lon Medical Center. The other facilities include the Heidelberg lon Beam Therapy Centre,
which began treating patients in 2009, and the Institute of Modern Physics, in which only
low energy carbon ion beams are available.

Carbon ion therapy often involves hypofractionated treatment regimens, with roughly half
the number of fractions of standard photon-based radiotherapy. Carbon ion regimens that
average 12.5 fractions over three weeks (but may have as few as 1-2 fractions for lung or
liver cancer) are currently in use or are being implemented because of the superior dose
distribution and enhanced RBE of carbon ions. Carbon ion RT is gaining acceptance as more
patient data are collected. There is a strong rationale for initiating randomized clinical trials
to directly compare proton and carbon ion RT [7], yet none have been completed, although
one trial was recently initiated at the Heidelberg facility [54]. Nearly 50 carbon ion RT
Phase I/11 and Phase Il protocol studies have been performed at the NIRS since 1994 on a
wide range of tumor types including head/neck, lung, liver, prostate, bone and soft tissue,
uterine, brain, esophageal, pancreas, rectum, eye (melanoma), and lacrimal gland. The lack
of randomized clinical trials prevents direct comparisons among photon, proton, and carbon
ion therapies, but clinical outcomes data including local tumor control, survival, and late
injury rates (controlled for tumor stage) reveals interesting trends, as summarized in Tables
1-4. These data indicate that compared to photon or proton RT, carbon ion RT typically
gives superior local tumor control with equal or lower rates of negative sequelae. Of
particular note, carbon ion RT is achieving >90% five-year local control and from 33 to
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>90% five-year survival with prostate, pancreatic adenocarcinoma, and post-operative pelvic
recurrent rectal cancer, sites where photon treatment is much less effective [55]. Additional
comparative analyses of photon and hadron RT clinical outcomes are described in Suit et al.

[71.

As of July 2010 another 23 facilities for proton and/or carbon treatment are either proposed
or under construction [56]. Currently, the biological responses of tumors and normal tissue
to heavy ion radiation are being studied at facilities in Japan, Brookhaven National
Laboratory, Gesellschaft fiir Schwerionenforschung in Darmstadt, Germany, and other
locations. For additional information about the technical and clinical aspects of hadron
radiotherapy, the reader is directed to several excellent reports and books [5,9,10,51,57-62].

8. Future directions

Heavy ion radiobiology research has aided design and implementation of more effective
cancer treatments and improved understanding of some of the inherent dangers associated
with space travel. Further work on several fronts remains. Comparative studies of the
different radiation types will provide new biological insights that will drive translational
studies aimed at customizing radiation treatment to tumor type and grade. Much remains to
be learned about DNA damage responses including radiation-induced protein modifications
(such as histone methylation and acetylation) and gene expression changes with various
radiation types. New technologies such as carbon ion pencil-beam technology that allows
tumors to be “painted” with thin beams of heavy ions will usher in a new era of hadron RT.
These and other novel treatment strategies will be informed by studies at the interface
between radiation physics and biology, such as the biological effects of particle fragments
and mixed LET radiation characteristic of heavy ion radiation-tissue interactions.

IR, like genotoxic chemicals and topoisomerase inhibitors, is very effective at killing rapidly
growing cells comprising the bulk of solid tumors, due to the high sensitivity of cells to
DNA damage during DNA replication. However, to prevent tumor recurrence, a key target
may be slow-growing cancer stem cells, as these cells may repair DNA damage prior to
reentering the cell cycle and initiating DNA synthesis. An important question, therefore, is
whether DNA damage created by high LET radiation persists long enough to inactivate
cancer stem cells. Carbon ions may be particularly effective in killing cancer stem cells for
another reason: these cells may be protected from low LET radiation if they occupy hypoxic
compartments, but hypoxia should not protect them from high LET carbon ion radiation.

It has long been known that dying tumor cells following radiation stimulate rapid
proliferation of surviving cells, and the Li laboratory recently demonstrated that the caspase
3-apoptosis pathway is required for this accelerated re-population effect after low LET
radiation [31]. It remains to be seen whether similar mechanisms function in cells treated
with hadron radiation. Radiation is an excellent tool for local tumor control, but it is not
effective once tumors have metastasized to distant sites. In these situations, systemic
chemotherapy is required, but patients tolerate radiation far better than chemotherapy, and
improved tumor imaging to detect micro-metastases may allow radiation to be used
effectively to treat even the most challenging, late-stage cancer cases.
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Fig. 1.
Depth dose distributions for 6MV photons, stopping protons and carbon ions. The plots are
normalized to 100% at the depth corresponding to maximum dose. Adapted from ref. [3].
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RBE (a) and OER (b) of X-rays, protons, and carbon ions. Adapted from refs. [11,12,18].
Improved therapeutic outcomes are achieved with high RBE and low OER values.
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Equi-dose and equi-effect SOBP dose distributions. (a) A 4 cm equi-dose SOBP beginning
at a depth of 6 cm incident carbon ions (solid circles). The SOBP is created from multiple
beams with variable energy (shown by the set of thin lines); the Bragg peak for the highest
incident energy ions is shown with gray circles. The SOBP is designed to deliver equal dose
across the tumor volume. (b) A 4 cm equi-effect SOBP beginning at a depth of 6 cm for
incident carbon ions. The dose to achieve equal cell killing in the SOBP is reduced at distal
sites because LET and RBE increase with depth.
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Changing LET spectrum of carbon ion radiation. (a) Distribution of LET within a 4 cm equi-
dose SOBP for incident carbon ions. (b) Distribution of fragments at a depth of 3 cmin
water from an incident carbon ion beam at 230 MeV/nucleon. The data are plotted as the

frequency of particles as a function of LET. The main peak is from carbon ions after

penetrating 3 cm of water. The lower LET particles are fragments with certain ion peaks

identified.
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Table 2
Chordoma — Skull Base and Paracervical Spine

Treatment No. of Cases 5 year Local Control (%) 10 year Local Control (%) References
Photon 24 23 15 [66]

Proton 169 73 54 [67]

Carbon@ 96 70 Not reported [68]

CarbonP 39 82 82 Tsujii, unpublished results
Carbon® 29 95 ND Tsujii, unpublished results

Page 18

a60 Gy equivalent (GyE) median dose. For carbon ions, GyE is 3-fold higher than actual dose (Gy) because it takes into account the 3-fold higher

RBE.

b48—60.8 GyE median dose

c60.8 Gy median dose
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Table 3

Retroperitoneal Sarcoma

Treatment No. of Cases 5 year Local Control (%) 5 year Survival (%) References

Photon@ 67 40 58 [69]

CarbonP 27 65 69 [70]

a .. . . . . . . .
Maximal surgical resection plus intraoperative electron beam RT (too few patients have been treated with proton RT alone).

bCarbon ion RT only
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