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Introduction
The history of the discovery of X-rays, spontaneous radio-
activity, and the electron, proton, α particle, β rays and 

neutrons are indelibly preserved in the record of Nobel 
Prizes in Physics and Chemistry (Figure 1) awarded to the 
pioneers of ground-based radiation research, including 
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Objective Particle radiobiology has contributed new 
understanding of radiation safety and underlying mech-
anisms of action to radiation oncology for the treatment 
of cancer, and to planning of radiation protection for 
space travel. This manuscript will highlight the signif-
icance of precise physical and biologically effective 
dosimetry to this translational research for the benefit 
of human health.
This review provides a brief snapshot of the evolving 
scientific basis for, and the complex current global 
status, and remaining challenges of hadron therapy for 
the treatment of cancer. The need for particle radiobi-
ology for risk planning in return missions to the Moon, 
and exploratory deep-space missions to Mars and 
beyond are also discussed.
Methods Key lessons learned are summarized from an 
impressive collective literature published by an inter-
national cadre of multidisciplinary experts in particle 
physics, radiation chemistry, medical physics of imaging 
and treatment planning, molecular, cellular, tissue radi-
obiology, biology of microgravity and other stressors, 
theoretical modeling of biophysical data, and clinical 
results with accelerator-produced particle beams.
Results Research pioneers, many of whom were Nobel 
laureates, led the world in the discovery of ionizing radi-
ations originating from the Earth and the Cosmos. Six 
radiation pioneers led the way to hadron therapy and 
the study of charged particles encountered in outer 
space travel. Worldwide about 250,000 patients have 
been treated for cancer, or other lesions such as arte-
riovenous malformations in the brain between 1954 and 
2019 with charged particle radiotherapy, also known as 
hadron therapy. The majority of these patients (213,000) 
were treated with proton beams, but approximately 
32,000 were treated with carbon ion radiotherapy. There 
are 3500 patients who have been treated with helium, 

pions, neon or other ions. There are currently 82 facili-
ties operating to provide ion beam clinical treatments. 
Of these, only 13 facilities located in Asia and Europe are 
providing carbon ion beams for preclinical, clinical, and 
space research. There are also numerous particle physics 
accelerators worldwide capable of producing ion beams 
for research, but not currently focused on treating 
patients with ion beam therapy but are potentially avail-
able for preclinical and space research. Approximately, 
more than 550 individuals have traveled into Lower 
Earth Orbit (LEO) and beyond and returned to Earth.
Conclusion Charged particle therapy with controlled 
beams of protons and carbon ions have significantly 
impacted targeted cancer therapy, eradicated tumors 
while sparing normal tissue toxicities, and reduced 
human suffering. These modalities still require further 
optimization and technical refinements to reduce cost 
but should be made available to everyone in need world-
wide. The exploration of our Universe in space travel 
poses the potential risk of exposure to uncontrolled 
charged particles. However, approaches to shield and 
provide countermeasures to these potential radiation 
hazards in LEO have allowed an amazing number of 
discoveries currently without significant life-threatening 
medical consequences. More basic research with 
components of the Galactic Cosmic Radiation field are 
still required to assure safety involving space radiations 
and combined stressors with microgravity for explora-
tory deep space travel.
Advances in knowledge The collective knowledge 
garnered from the wealth of available published evidence 
obtained prior to particle radiation therapy, or to space 
flight, and the additional data gleaned from imple-
menting both endeavors has provided many opportuni-
ties for heavy ions to promote human health.
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W.C. Roentgen, Pierre and Marie Curie, J.J. Thomson, and Sir 
James Chadwick (The Nobel Prize in Physics 1901–2000. ​Nobel-
Prize.​org. Nobel Media AB 2019. Tue. 17 Dec 2019. https://www.​
nobelprize.​org/​prizes/​themes/​the-​nobel-​prize-​in-​physics-​1901-​
2000; https://www.​nobelprize.​org/​prizes/​lists/​all-​nobel-​prizes-​
in-​chemistry.) Victor Francis Hess’ high flying balloon studies 
in 1912 independently extended our understanding of sources 
of radiation when he revealed the existence of cosmic rays in the 
upper atmosphere of the Earth for which he was awarded the 
1936 Nobel Prize in Physics.

The challenge to create a ground-based laboratory source of 
charged particle beams for research investigations led to Ernest 
Orlando Lawrence’s invention of the cyclotron which could accel-
erate protons to 80,000 volts, using less than 1000 volts. and the 
1939 Nobel prize in Physics (Accelerators and Nobel Laureates. ​
NobelPrize.​org. Nobel Media AB 2019. Tue. 17 Dec 2019. https://
www.​nobelprize.​org/​prizes/​themes/​accelerators-​and-​nobel-​
laureates). This led to a new generation of radiation pioneers for 
hadron therapy (Figure 2). As accelerators of increasing diam-
eter sizes became available, they permitted the evaluation of ion 
beams in physics laboratories to confirm the principles of Sir 

William Henry Bragg’s first reported Bragg Curve. This depth–
dose profile of initially high energy ions, but with low dose energy 
absorption from stopping low energy charged ions, culminates 
in a Bragg Peak of ionizations at the maximum particle stopping 
depth of penetration. It led Robert R.Wilson to first propose the 
use of the Bragg peak for radiotherapy with protons,1 and that 
forged the path forward for hadron radiotherapy.

Radiobiology (the study of radiation effects on living cells and 
tissues) was pioneered by Louis Harold Gray a physicist, who 
built neutron generators, and developed both the Bragg-Gray 
equation, and the concept of relative biological effectiveness 
(RBE). He established the Gray Laboratory at Mount Vernon 
Hospital in London in 1953 to focus on the role of oxygen in 
radiation effects on tumor cells. Gray observed that tumor cells 
were hypoxic, contributing to their X-ray radioresistance2 ; 
however, if irradiated with densely ionizing neutrons, the tumors 
were eradicated with less dependence on their oxygen status. 
Gray’s work advanced our understanding of the biological effects 
of densely ionizing radiations. He also developed pulse radiolysis 
and discovered the hydrated electron. These many significant 
contributions to the radiation sciences led in 1975 to the naming 

Figure 1. Research pioneers involved in the discovery of radiation. Wilhelm Conrad Roentgen discovered X-rays in 1895 and 
received the 1901 first Nobel Prize in Physics. Henry Becquerel, and Pierre and Marie Curie discovered radioactivity in 1897, and 
received the 1903 third Nobel Prize in Physics. John Joseph Thomson discovered the electron in 1897, and received the 1906 Nobel 
Prize in Physics, Ernest Rutherford discovered the proton, α particle and β rays in 1919 and was awarded the 1908 Nobel Prize 
in Physics, Sir James Chadwick discovered the neutron in 1932, and received the 1935 Nobel Prize in Physics, and Victor Francis 
Hess discovered cosmic rays in 1912 and received the 1936 Nobel Prize in Physics. Images are from (https://en.wikipedia.org/wiki/
List_of_Nobel_laureates_in_Physics;https://en.wikipedia.org/wiki/List_of_Nobel_laureates_in_Chemistry).
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of the derived unit of ionizing radiation dose in the International 
System of Units (SI) as the gray (Gy), defined as the absorption 
of one joule of radiation energy per kilogram of matter. Hal Gray 
has therefore been considered the Father of Radiobiology.

First human trials with heavy ions
The dose penetrating absorption profile of neutrons was not 
ideal for sparing radiation damage to normal tissues overlying 
tumors, but the Bragg peak of stopping accelerated charged 
particles provided the additional targeting feature of increased 
dose absorption at depth. Ernest Orlando Lawrence and his 
brother John Hundale Lawrence dedicated the Donner Labora-
tory at the University of California, Berkeley in 1941 to apply 
physics, chemistry and the natural sciences to Biology and 
Medicine. John Lawrence and CorneliusTobias led early radio-
biological investigations of protons, deuterons and helium ion 
beams, culminating in the first human exposure to accelerated 
protons in September 1954.3 Tobias is considered the Father of 
Heavy-Ion Radiobiology.

Radiosurgery of the pituitary gland was an early successful 
application of this new technology. The pituitary, located in the 
brain between the hypothalamus and the pineal gland, is about 
the size of a pea and hangs down from the brain by a thin stem 
of blood vessels and nerve cell projections that lies just over 
the roof of your mouth and controls multiple endocrine func-
tions (Figure  3A insert). Acromegaly is a condition where an 
abnormal growth of the hands, feet, and face occurs, caused 
by overproduction of growth hormone by the pituitary gland, 
usually due to a benign adenoma. Initially 30 patients were 
treated with proton beams, but subsequently 820 patients were 
treated with high-energy plateau helium ions in 3–4 fractions 
over 5 days. An 18-year follow-up study that measured serum 
levels of human growth hormone (HGH) levels in a cohort of 
these patients has documented the successful control of the 
tumor and reduction of the abnormally high HGH levels, with 
focal necrosis or nerve injury in only 1% of the population4 
(Figure 3B).

Figure 2. Radiation pioneers for hadron therapy. Ernest O. Lawrence invented the cyclotron in 1931 and received the 1939 Nobel 
Prize in Physics. Sir William Henry Bragg first reported the Bragg Curve in 1903, Louis Harold Gray, the Father of Radiobiology, 
developed the Bragg-Gray equation and the concept of Relative Biological Effectiveness in 1940 and discovered the role of oxy-
gen in radiation effects on tumor cells in 1952, and discovered the hydrated electron 1962. Robert R. Wilson first proposed the use 
of the Bragg peak for radiation therapy in 1946. John H. Lawrence was the Father of Nuclear Medicine and treated the first patient 
with proton beams in 1954, Cornelius A. Tobias, the Father of Heavy Ion Radiobiology, investigated the biological effects of pro-
tons and heavy ions. Images are from: Accelerators and Nobel Laureates. NobelPrize.org. Nobel Media AB 2019. Tue. 17 Dec 2019. 
https://www.nobelprize.org/prizes/themes/accelerators-and-nobel-laureatesand the University of California, Berkeley Lawrence 
and the Lawrence Berkeley National Laboratory photo archives.
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Intracranial arteriovenous malformations (AVMs) are a tangle of 
non-oncologic, abnormal and poorly formed blood vessels that 
can occur during fetal development or de novo anywhere in the 
body due to genetic susceptibility, but are particularly difficult 
to deal with in the brain.5 They have a higher rate of bleeding 
than normal vessels resulting in increased risk of strokes. The 
lesions can be small (e.g. 2.5 cm3 volume), or very large (45 cm3 
volume)6 (Figure  4). Helium ion radiotherapy with a single 

7.7–19.2 Gy dose of 225 MeV/u helium ions has been success-
fully used to eradicate lesions <4 cm3 within 3 years, and lesions 
4–25 cm3 within 4 years. Lesions > 25 cm3 have been less success-
fully treated7 (Figure 5).

Recently, a set of choices was evaluated for treatment of unrup-
tured AVM by individual practitionersusing either medical 
management, or interventional management (including surgical 

Figure 3. Charged particle radiosurgery of the pituitary gland. (A) Late follow-up effects 18 years after treatment showing serum 
levels of human growth factor as evidence of tumor eradication. (B). Photograph of patient treatment set-up for helium-ion 
radiosurgery. Republished with permission of Karger Publisher, Basel, Switzerland from Levy, et al.,Copyright©19914; permission 
conveyed through Copyright Clearance Center, Inc.
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Figure 4. Intracranial AVMs. (A) Top panels are images from a 26 year old female with a 2.5 cm2 AVM in her temporal lobe. (B) 
Bottom panels are images from a 21-year-old male with a 45 cm2 AVM in his basal ganglia and thalamus. Republished with permis-
sion of Elsevier Science and Technology Journals, from Phillips, et al., Copyright © 1991 Elsevier Sciences & Technology Journals.(6); 
permission conveyed through Copyright Clearance Center, Inc. AVM, arteriovenous malformations.

Figure 5. Kaplan–Meier cumulative obliteration plots for 71 patients with intercranial AVM with angiography before and after treat-
ment with a single 7.7–19.2 Gy dose of 225 MeV/n helium. Reprinted with permission of the Massachusetts Medical Society from 
Steinberg et al., Copyright ©1990 Massachusetts Medical Society7 ;permission conveyed through Copyright Clearance Center, Inc. 
AVM, arteriovenous malformations.
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removal, embolization, SRS, or a combination of any of these). 
The study was closed to accrual early when it reached prespec-
ified stopping rules, with results suggesting the superiority of 
the medical management group after 5 years of follow-up. At 
that time, 114 patients were assigned to interventional therapy, 
and 109 to medical management. However, the risk of death 
or stroke was significantly lower in the medical management 
group than in the interventional group (hazard ratio, 0.27; p < 
.0001). But studies with longer follow-up suggest that SRS has a 
superior outcome. Due to the current limitations in availability 
of heavy-ion beam facilities, helium-ion radiotherapy was not 
among the choices8–13 .

Uveal melanoma is a cancer (melanoma) of the eye involving the 
iris, ciliary body, or choroid (collectively referred to as the uvea). 
Tumors arise from the pigment cells (melanocytes) that reside 
within the uvea and give color to the eye. The first proton treat-
ment of uveal melanoma was achieved by Gragoudas in 1975 at 
the Harvard Cyclotron (see review by Gragoudas14). Precision, 
helium ion high dose radiotherapy treatment of uveal mela-
noma was successfully implemented at the Lawrence Berkeley 
National Laboratory by Sanders et al,15 and Castro et al,16 with 
97% success in eradicating the tumor and with retention of the 
eye with vision, but with some toxicities including cataract and 
neovascular glaucoma (Figure 6).17 The first Phase III random-
ized trial using charged particle beam radiotherapy comparing 
helium ion radiotherapy with 125Iodine plaque for choroidal 
and ciliary body melanoma was completed by Char et al.18 A 
recent 20 year follow-up of this Phase III randomized trial by 

Mishra et al,19 reported the cause- and disease-specific superi-
ority of helium ion radiotherapy compared to plaque treatments 
(Figure 7).

Treatment with helium ions and technical optimization of 
beam delivery for neoplasms in critical locations such as 
the orbit, eye, skull base, head and neck, juxtaspinal area, 
retroperitoneum, biliary tract and pelvis have demonstrated 
outstanding improved outcomes with unparalleled local 
control and higher rates of survival. Mishra et al19 concluded 
that the hallmark of charged particle therapy with protons and 
helium ions is precise dose localization with tight margins to 
spare normal tissues.

Why heavier hadron beams?
The significantly increased benefits of using heavy ion beams 
heavier than helium was documented by many radiation biolo-
gists worldwide and drew the attention of radiation oncologists 
dealing with radioresistant tumors.20–24 Increased DNA damage 
in tumors and increased effectiveness against radioresistant 
hypoxic tumors became evident. Less repair of sublethal and 
potentially lethal damage in the cell cycle was confirmed. These 
observations led to shorter overall treatment regimens since 
there was no need to fractionate the dose to spare normal tissues, 
since the physics of the beam took care of that. The fact that 
elements of the target volume became radioactive and allowed 
verification of the treatment volume also proved useful for treat-
ment verification.25–28

Figure 6. Nine-year actuarial follow-up of uveal melanoma patients treated with helium ions showing the probability of local 
control, freedom from distant metastases and determinate survival for the entire group of 307 patients, and the probability of 
enucleation or development of neovascular glaucoma following treatment. Republished with permission of Elsevier Science and 
Technology Journals, from Linstadt et al., Copyright ©199017; permission conveyed through Copyright Clearance Center, Inc.
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Based on this evidence, the NCI-funded clinical radiotherapy 
trials at the Lawrence Berkeley National Laboratory from 1975 
to 1992 under the direction of Joseph R. Castro and Theodore 
L. Phillips from the University of California, San Francisco, CA 
and their team of clinicians, physicists and biologists. Preclinical 
biology established the radiobiological benefits of using neon 
and/or carbon ions, depending on the tumor size and depth in 
the body (see review of this history by Blakely & Chang29).

Development of particle therapy delivery methods
Computer-based technologies has evolved rapidly since the 
1980’s, and continues today to detect and monitor radiation 
dose for dosimetry, to image the human body, and to prepare 
for implementation of personalized radiation treatment plan-
ning for individual patients in four dimensions (4D).30–34 The 
NCI-funded heavy charged particle program projects at LBNL 
contributed significantly to the early development of CT, MRI, 
and Positron Emission Tomography (PET) technologies to non-
invasively image and guide the early development for successful 
particle treatment therapy treatment planning protocols. Novel 
approaches of using radioactive beams produced from frag-
mentation events in the primary ion treatment beam proved 
successful to verify the target volume in the treatment plans with 
clearly defined ion stopping regions. Tumors were localized in 
immobilized patients, and this allowed accurate transferring of 
information among these data sets to create detailed merged 
images.35–37

Heavy ion beams produced in tight narrow columns had to 
be broadened to accommodate the larger diameters needed to 
cover the initial larger Phase I/II tumor volumes that were being 
treated. A passive particle fragmentation method was initially 
introduced using heavy metal foils upstream of the target to 
broaden the diameter, with rotating spiral ridged heavy metal 
filters that broadened the width of the Bragg peak. Using this 
approach, the beam widths were broadened, each from 4 cm 

up to 10 cm. The BERKLET was an instrument built to actually 
measure beam fragments in two dimensions to evaluate dose 
deposition in terms of differential energy over distance (dE/
DX) in the complex field of fragmented heavy ions.28 Biological 
effectiveness experiments to evaluate the quality of the ion beams 
examined in parallel studies with the BERKLET ion dosimeter 
revealed that passive particle scattering diminished the effective-
ness of the ion beams.

As a result, alternative beam broadening methods were devel-
oped, including using large magnets to wobble the pristine 
beams.38 and then to raster scan pencil beams39 to “paint” the 
dose on each slice of the depth of the tumor volume in a raster 
fashion. The computer codes used to control the beam in the 
human therapy facility was an innovative system of the highest 
quality and led to an unblemished safety record in the human 
cancer therapy program. It also led to the development of one of 
the first and best 2D and 3D therapy planning programs for the 
use of ionizing radiation including charged particles in human 
therapy.

The differential-pencil beam algorithm (DPB) for charged-
particle dose calculations is inherently 3D and takes into account 
multiple scattering effects in complex heterogeneous regions 
of the body. The DPB model was compared to Monte Carlo 
calculation. Petti et al,40 was the first one to suggest this tech-
nique for protons and heavier charged particles. Other groups 
and vendors have included DPB or similar algorithms in their 
software. The combined efforts of many computer scientists, 
biologists, biophysicists, mathematicians, accelerator physicists, 
graduate students and physicians were involved in integrating 
this approach. Many of the innovations and techniques begun 
at LBNL were incorporated into newer treatment planning 
programs for conformal X-ray therapy, stereotactic radiotherapy, 
and other charged particle therapy centers and throughout all of 
radiation oncology.

Figure 7. 20-year Kaplan–Meier follow-up of Phase III randomized trial--Helium ion therapy vs 125Iodine plaque therapy for cho-
roidal and ciliary body melanoma. (a) cause-specific survival (long rank:PZ.09), and (b) DFS (log rank: PZ:001). Cox multivariate 
regression model shows treatment is a significant predictor of DFS (adjusted: PZ.02); age and tumor diameter are independent 
predictors of cause specific survival and DFS. Republished with permission of Elsevier Science and Technology Journals, from 
Mishra et al., Copyright ©201519 ; permission conveyed through Copyright Clearance Center, Inc. DFS, disease-free survival.
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The development of rotating gantries to provide greater degrees 
of freedom for beam access to the patient was a remarkably inno-
vative addition to ion therapy, first developed for protons (Loma 
Linda, PSI), and then for carbon ions (HIT, QST).

Ion beam radiobiology
Radiobiology contributed a wide range of biophysical, biolog-
ical and clinical models that provided a considerable number of 
well-documented data sets of estimates of the relative biological 
effectiveness (RBE) that were dependent on the biological model 
used for the individual ion beams as a function of the atomic 
charge (Z), energy (E) and physical dose relative to a known low-
LET radiation source. Comparisons were made of acute and late 
radiosensitivity and repair potentials. Biological variables that 
can alter radiation exposure outcomes were identified. Molec-
ular characteristics were established that could be used to image 
discreet biological or clinical structures and functions.

Evolution of particle treatment planning
Current ion chambers used for particle dosimetry for 
measurement of the absorbed dose in clinical radiotherapy 
do not provide the biologically effective dose. Therefore, a key 
element of ion beam radiotherapy is the decision how to input 
the biological effectiveness measured by radiobiologists (rela-
tive to conventional radiation modalities) in order to imple-
ment treatment planning. Early proton clinical radiotherapy 
was assumed to be simpler than heavy charged particle radio-
therapy since radiobiologists concluded reports of proton RBE 
values were diverse, with considerable uncertainty depending 
on the biological model, but that a representative RBE of 1.1 
was reasonable to use until more explicit research became 
available,41–44 whereas helium and heavier ions had greater 
RBE values. There is now increasing evidence of elevated 
proton RBE values in the stopping proton peak just at the end 
of range of the particles that could be useful if considered in 
proton treatment planning.42 The only drawback has been the 
identification of the most representative proton RBE among 
the significant range of variability in the RBE values measured 
in the terminal end of the Bragg peak using a large number of 
biological end points.

The treatment planning system developed at LBNL included 
calculation of 2D dose distributions both in physical doses 
and biologically corrected doses with appropriate RBE 
values compiled from numerous in vitro and in vivo biolog-
ical endpoints, as well as preparation of 3D dose-volume 
histograms for target volumes and critical structures.45–49 A 
thorough description of how the radiobiological input has 
contributed to ion beam therapy can be found in several review 
publications and books.29,50–53 For beam energies selected to 
achieve equivalent depths of penetration of ~10–14 cm, neon 
was found to have a greater high-LET dose component to 
reduce the oxygen effect (a greater oxygen gain factor), whereas 
carbon had a slightly better peak to plateau ratio of effective 
doses. But at higher beam energies and larger depths of pene-
tration to ~10–24 cm neon and carbon had nearly equivalent 
effectiveness (Figure 8).

Clinical Phase I/II trials with heavy ions at Berkeley
A number of “first in human” Phase I exposures for a diverse 
array of tumors were completed including the first treatment 
dates of patients with Helium (June, 1975), Carbon (March, 
1977), Neon (November, 1977), Argon (March, 1979), and 
Silicon (November, 1982).15,16,45,54–59 Neon ions were the heavy 
ions most extensively used to treat tumors at LBNL,58 although 
silicon and argon were tried in a few patients with superficial 
tumors.59

Treatment outcomes comparing neon, neutrons 
and conventional X-ray therapy in Berkeley
Treatment outcomes comparing the Phase I/II neon, neutron 
and conventional mega-voltage X-ray therapy indicated similar-
ities between the neon and neutron results, with both indicating 
an approximately twofold improvement in local tumor control 
over conventional X-rays.58 By the end of 1988, a total of 239 
patients had received a minimum neon physical dose of 1000 
cGy (median follow-up for survivors 32 months). Compared 
with historical results, the 5 year actuarial disease-specific 
survival (DSSs) and local control (LC) rates suggested that neon 
treatment improved outcome for several types of tumors: a) 

Figure 8. Vector representation of low LET and high LET par-
ticle therapy modalities for treatment of a small, shallow field 
(upper panel), and a large, deep field (lower panel). Repub-
lished with permission of Wolters Kluwer Health, Inc., from 
Blakely & Chang, Copyright ©200929; permission conveyed 
through Copyright Clearance Center, Inc. LET, linear energy 
transfer.
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advanced or recurrent macroscopic salivary gland carcinomas 
(DSSs 59%; LCs 61%); b) paranasal sinus tumors (DSSs 69%; LCs 
69% for macroscopic disease); c) advanced soft tissue sarcomas 
(DSSs 56%, LCs 56% for macroscopic disease); d) macroscopic 
sarcomas of bone (DSSs 45%; LCs 59%); e) locally advanced pros-
tate carcinomas (DSSs 90%; LCs 75%); and f) biliary tract carci-
nomas (DSSs 28%; LCs 44%). Treatment of malignant gliomas, 
pancreatic, gastric, esophageal, lung, and advanced or recurrent 
head and neck cancer were less successful. Many of these tumors 
were advanced, and results appeared to be no better than those 
achieved with conventional X-ray therapy.58

While neon ions were capable of controlling some tumors, 
particularly slow-growing salivary and soft tissue tumors, there 
was some evidence of significant late effects on normal tissues. In 
several studies comparing the outcome after neon or carbon ions 
indicated that the uniformity of dose distributions with carbon 
was more important than the higher-LET of neon ions. Subse-
quently, based on the biophysical and clinical outcomes,46,55,60 it 
was judged that carbon ions had the best biologically-corrected 
dose localization and should be used in future charged particle 
trials.

International clinical evidence
The worldwide number of patients treated with particle beams 
continues to increase with PTCOG (Particle Therapy Cooper-
ative ​Group-​www.​ptcog.​ch) reporting by December 2019 that 
it has compiled a grand total of approximately 250,000 patients 
treated with ion therapy, of which 213,000 patients were treated 
with protons. There are currently 82 operating proton facilities. 
An additional 32,000 patients were treated with carbon ions, and 
there are currently 13 operating carbon ion facilities. Several 
more proton and carbon facilities are under construction or 
are in various planning stages. A recent comprehensive review 
of the clinical outcomes for the many cancer tumor sites treated 
with CIRT from these facilities has been published.61 It would 
be impossible to summarize the clinical results from all of the 
proton and carbon operating facilities in this report, so instead 
a brief synopsis will be limited to some selected high-incidence 
tumor sites for which we have long-term (5–20 years) follow-up 
of carbon-ion results demonstrating improvements in local 
control and survival, and reports of any adverse normal tissue 
effects compared to more conventional therapeutic modalities.

In 2015, the longest operating carbon program in Japan reached 
the milestone of 20 years of clinical experience with carbon ion 
radiation therapy (CIRT) and launched a comprehensive assess-
ment of their experience by an international team of experts. 
Overall, it was concluded that the National Institute of Radia-
tion Sciences (NIRS) had pioneered a major paradigm shift for 
radiotherapy, and more generally for oncology. Besides improve-
ments over the already favorable results achieved for some rare 
cancers, such as bone and soft tissue tumors, the most recent 
results supported the hypothesis that carbon ion radiotherapy 
improves outcomes for several common cancers with poor 
prognosis. Therefore, recommendations were made that more 
patients worldwide should have access to treatments based on 
CIRT.62 In fact, numerous Phase III randomized trials with CIRT 

for additional tumor sites are in progress worldwide (summa-
rized in63–65). In addition, a list of international clinical protocols 
for Particle Therapy are available on the PTCOG (​www.​ptcog.​ch) 
and a list of clinical trials is listed on the US NIHClinical Trials 
(​www.​clinicaltrials.​gov) and the UMIN-CTR (​www.​umin.​ac.​jp/​
ctr/) websites.

Some examples of clinical results with carbon ion 
radiotherapy
Lung cancer
The efficacy and safety of CIRT alone at a single institution for 
65 patients (median age = 73 years) with Stage III non-small-
cell lung cancer (NSCLC) between 1997 and 2015 were retro-
spectively evaluated by Anzai et al.66 The median dose was 
72.0 Gy (RBE). The median follow-up was 27.6 months (range 
= 1.6–207.7 months). 2-year LC, PFS, and OS rates were 73.9%, 
38.6%, and 54.9%, respectively. Overall, 1 (2%), 4 (6%), and 1 
(2%) patient developed Grade 4 (mediastinal hemorrhage), 
Grade 3 (radiation pneumonitis),and Grade 3 (bronchial fistula) 
toxicities, respectively. On univariate analysis, clinical T and N 
stage and CIRT timing were significant predictors of PFS and 
OS; clinical target volume was a significant predictor of PFS. The 
paper concludes that CIRT alone without any other therapy is 
effective with acceptable toxicity for Stage ΙΙΙ NSCLC. Anzai et 
al66 made a comparison of PFS rates and OS according to the T 
Stage of patients with advanced NSCLC treated with CIRT before 
and after 2005 which is illustrated in Figure 9. This study showed 
that patients staged T1-2 demonstrated significant differences in 
survival compared to patients in T3-4 stages treated before 2005, 
but not since 2005. This is probably because recent imaging tech-
niques have excluded patients who have minimal distant metas-
tases, especially patients with T1-2N2-3 disease.

Salivary gland tumor
Malignant salivary gland tumors are divided into those involving 
the minor or the major salivary glands. There are three major 
salivary glands, two parotid glands near the ears, and the sublin-
gual gland under the tongue. Locally advanced carcinoma of the 
parotid gland is another tumor that is effectively responsive to 
CIRT with acceptable toxicity levels. Koto et al 67 reported the 
outcomes of 46 patients receiving CIRT for either adenoid cystic 
carcinoma, adenocarcinoma, mucoepidermoid carcinoma or 
other carcinomas staged T2, T3, T4a, and T4b of the parotid 
gland. The CIRT was provided to 25 patients as the primary 
treatment, to 20 patients for local recurrences after surgery, and 
to 1 patient for residual tumor after surgery. During follow-up 
(median duration, 62 months), 5 year LC and OS rates were 74.5 
and 70.1% respectively. The 5 year OS rates with and without 
skull base invasion were 44.0 and 83.1% respectively (Figure 10). 
Of the 30 patients without facial nerve palsy before C-ion RT, 25 
showed no radiation-induced facial nerve palsy.

In a recent study the Heidelberg Ion Beam Therapy (HIT) 
Facility68 reported on 59 patients with inoperable (or partially 
resected) locally advanced ACC of the minor salivary glands of 
the nasopharynx treated from 2009 to 2018 with primary radio-
therapy (RT) with bimodal intensity-modulated RT (IMRT) 
combined with an active raster-scanned carbon-ion boost. 

http://birpublications.org/bjr
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Excellent survival results were reported for T1 to T3 tumors with 
moderate toxicity, while T4 tumors remain difficult to treat due 
to their close proximity to critical normal tissues.

The median follow-up was 32 months. At last follow-up, 67% of 
the patients were still alive of whom 74% were free of progression. 
The 2 year LC, distant progression-free survival (DPFS) and OS 
were 83%, 81%, 87% and the estimated 5 year LC, DPFS and OS 
were 49%, 54%, 69%, respectively. LC was significantly inferior in 
patients with large tumor volumes (gross tumor volume, GTV > 
100 cc, p = 0.020) (Figure 11A), and T4 tumors (p = 0.021).

In a subsequent larger 10-year follow-up study, 227 patients 
with sinonasal ACC were treated at the same institution with 
biomodal IMRT and active raster-scanned carbon ion boost.69 
Patients received either a primary or post-operative fraction-
ated IMRT combined with a fractionated active raster-scanning 
carbon ion boost between 2009 and 2019. Median follow-up was 
50 months. In univariate and multivariate analysis, no signifi-
cant difference in LC could be shown between the primary and 
post-operative treatment groups (p = 0.33) (Figure 11B). 3 year 
LC rates were 79% for primary bimodal RT and 82% for post-
operative bimodal RT, respectively. T4 stage (p = 0.002) and solid 
histology (p = 0.005) were independent prognostic factors for 
decreased LC. Significant worse long-term treatment tolerance 
was observed for post-operatively irradiated patients with 17% vs 
6% late Grade 3 toxicity (p < 0.001). The high rate of macroscopic 
tumor disease in the post-operative group makes the interpreta-
tion of the beneficial results in LC for primary RT difficult,

Cervical cancer
The long-term outcome of CIRT for adenocarcinoma (AC) of the 
uterine cervix is unknown. Recently, a pooled analysis of patients 
with locally advanced Stage IIB-IVA AC of the uterine cervix 
who underwent CIRT alone or combined with chemotherapy 
between September 2007 and December 2018 at a single insti-
tution has been reported.70 Patients received 74.4 Gy (RBE) with 
the long-term significance of concurrent weekly cisplatin (40 mg/
m2 per week for up to 5 weeks), underwent no prior pelvic RT or 
systemic therapy, and had a performance status of 0–2. Propen-
sity score matching was based on the year of diagnosis, regional 
lymph node metastasis, and stage. 26 patients were entered in 
each arm of the study. The median age and follow-up period were 
57 (range 28–79) years and 34 (range, 2–126) months respec-
tively. The 5 year OS rate was significantly better in the chemo 
plus CIRT group (72%) than in the C-ion RT alone group (46%, 
p = 0.041) (Figure 12). The 5 year distant metastatic-free rate was 
also significantly better in the chemo plus CIRT group (66%) 
than in the CIRT alone group (41%; p = 0.048). The incidence of 
grade >3 late toxicities was comparable between the two groups. 
Chemotherapy with cisplatin plus CIRT for locally advanced AC 
of the uterine cervix is associated with long-term survival benefit.

Prostate cancer
Prostate cancer was the single most-treated tumor receiving 
carbon ion radiotherapy at the NIRS in Chiba, Japan between 
June 1995 and March 2000.71Initially, two Phase I/II dose esca-
lation studies of hypofractionated CIRT for both early- and 
advanced-stage prostate cancer patients were conducted to 

Figure 9. Progression-free survival rate (a) and overall survival rate (b) according to the T Stage of patients with stage III non-
small-cell lung cancer who underwent carbon ion radiotherapy before January 2005. Progression-free survival rate (c) and overall 
survival rate (d) according to the T-stage of patients with Stage III non-small-cell lung cancer who received carbon ion radiother-
apy after January 2005. Republished with permission of the IIAR Journal, from Anzai, et al., Copyright © 2020.66

http://birpublications.org/bjr


11 of 20 birpublications.org/bjr Br J Radiol;93:20200172

BJRHealth and Heavy Ions

establish radiotherapy technique and to determine the optimal 
radiation dose. A second Phase II study was initiated in April 
2000 using the shrinking field technique and the recommended 
dose fractionation (66 gray equivalents in 20 fractions over 5 
weeks) obtained from the earlier two studies and was success-
fully completed in October 2003. The data from 175 patients in 
the Phase II study showed the importance of an appropriate use 
of androgen deprivation therapy according to tumor risk group. 
In November 2003, the Japanese Ministry of Health, Labor, and 
Welfare approved CIRT for prostate cancer as “Highly Advanced 
Medical Technology”. Ishikawa et al72 has reported on the 
outcome of about 1100 patients who received CIRT for pros-
tate cancer between November 2003 and July 2011. At the last 
follow-up, 11 patients had died of recurrent prostate cancer and 
36 of intercurrent diseases with no evidence of recurrence. The 
5 year OS and cause-specific survival rates were 95.3 and 98.8%, 
respectively (Figure 13a). Biochemical relapses were observed in 
63 (6.8%) of 927 patients, but local tumor control was achieved 
in all but 8 (0.8%) patients. Consequently, the 5 year biochem-
ical elapse-free and LC rates were 90.6 and 98.3%,respectively 
(Figure 13b).

Risk of treatment-induced cancers
The risk of developing a new primary cancer from CIRT is under-
studied. Recently, a propensity score-weighted, retrospective, late 
follow-up cohort study of the risk of subsequent primary cancers 

after carbon ion radiotherapy, photon radiotherapy, or surgery 
for localized prostate cancer was published.73Currently, no other 
published studies evaluating risk of second cancers with a large 
size or randomized data are available for carbon ion radiotherapy 
in any setting. However, in single-arm trials from single institu-
tions and in some retrospective studies, carbon ion radiotherapy 
has shown promising oncological outcomes with acceptable 
toxicities in selected patients with sarcomas, head and neck 
cancer, pancreatic cancer, and high-risk prostate cancer, among 
others, who have poor outcomes with conventional treatments. 
Nevertheless, the risk of subsequent primary cancers after carbon 
ion radiotherapy is concerning, especially in patients with long 
life expectancy. The cumulative incidence of subsequent primary 
cancers by treatment group (photon, surgery, or carbon) indi-
cated that compared to photons or surgery, carbon ion therapy 
had statistically significant less cumulative cancer incidence at 10 
years post-treatment (Figure 14).

Particle beam issues requiring further research
A multidisciplinary field as diverse and fast growing as particle 
therapy has many ongoing scientific issues requiring further 
research. A few examples of these research opportunities include 
physics projects to reduce ion range uncertainties introduced 
by orbital interactions, tissue stopping powers, and beam frag-
mentation occurring as individual particles are slowing down in 
absorbing materials of the body. The myths and realities of this 

Figure 10. Overall survival rates for carbon ion radiation therapy for locally advanced parotid gland carcinoma according to skull 
base invasion status. The 5 year overall survival rates with and without skull base invasion were 44.0 and 83.1%, respectively. 
Republished with permission of John/Wiley & Sons- Books, from Koto et al., Copyright ©201767 ; permission conveyed through 
Copyright Clearance Center, Inc.
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problem for protons are clearly described in a recent paper by 
Lomax.74

Lomax points out that X-ray CT imaging currently is the state-of-
the-art method to obtain information on the attenuation of body 
tissues to X-rays, however proton stopping power must then be 
deduced using a calibration procedure which can lead to several 
mm of water equivalent range uncertainty. Unless however, one 
uses proton-based imaging. pCT (proton CT) has been devel-
oping for several years75–78 and can offer improved solutions to 
range uncertainty issues.

For ion therapy with heavier ions such as carbon, sources of 
range uncertainty are improved at lateral edges of the beams, 
but can become more complex at the distal edge where ion frag-
ments of lower atomic number travel further than the stopping 
primary ions, and introduce additional dose beyond the primary 

Bragg peak. Ions heavier than neon, such as silicon, or argon 
produce high-LET events in the entrance plateau, thereby losing 
the sparing potential of the peak to plateau dose ratio of lower 
atomic numbered ions. The dose profile study of beam fragment 
mixtures by Traini et al 79 illustrates an ongoing approach to 
this issue. The question of whether or not there are interactions 
between damage produced by individual particle tracks remains 
to be further investigated.

Organ realignment for each dose fraction, and motion during 
treatment can also contribute to significant and non-reproducible 
range uncertainty. Numerous technical methods are under study 
to manage patient motion management.80

Optimization of a number of clinically important issues is 
still ongoing including identifying which is the most ideal 
RBE modeling approach for tumor cell eradication and for 

Figure 11. A.) Results of a combination treatment for adenoid cystic carcinoma of the minor salivary glands of the nasopharynx 
with intensity modulated radiotherapy and an active raster-scanning carbon ion boost. Kaplan-Meier curves for overall survival 
(OS), DPFS and LC in dependence of the gross tumor volume showing a significant disadvantage for patients with tumors >100 cc 
according to LC (p = 0.020), DPFS (p = 0.023) and OS (p = 0.018). Republished with permission of Elsevier Science & Technology 
Journals, from Akbaba et al., Copyright ©2019a68 ; permission conveyed through Copyright Clearance Center, Inc. (B.) Treatment 
outcome of 227 patients with sinonasal ACC 10 years after either primary (n = 90, 40%) or post-operative (n = 137, 60%; R2, n = 86, 
63%) IMRT with doses between 48 and 56 Gy in 1.8 or 2 Gy fractions and active raster-scanning carbon ion boost with 18 to 24 Gy 
(RBE) in 3 Gy (RBE) fractions between 2009 and 2019 up to a median total dose of 80 Gy (EQD2, equivalent dose in 2 Gy single 
dose fractions, range 71–80 Gy) were reviewed. Kaplan–Meier estimates of LC (a., p = 0.33), DPFS (b., p = 0.27) and OS (c., p < 0.01) 
for primary and posto-perative bimodal radiotherapy. Republished with open access permission of mdpi.com, from Akbaba et al., 
Copyright ©2019b69 . ACC, adenoid cystic carcinoma; DPFS, distant progression-free survival; IMRT, intensity modulated radiation 
therapy; LC, local control; OS, overall survival; RBE, relative biological effectiveness.
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consideration of minimizing any cancer risk for each tumor 
site in the body, and what is the optimal dose fractionation and 
overall schedule. Many more Phase III trial designs are needed 
to provide Level 1 evidence for patient treatment by site with ion 
therapy following the lead of the Japanese and German programs, 
and international consensus and clarity to health insurance 
providers for institutional reimbursement. The estimated cost of 
building and operating accelerator facilities for ion therapy are 
expensive, but there are numerous international teams working 
to provide less expensive alternatives to some of the key expen-
sive components, such as source, scanning, gantry, other patient 
alignment technologies.

Unique radiobiological response features
Over the more than 5 decades of molecular, cellular, tissue and 
organ radiobiological research that has been published, several 
reports of “unique” radiobiological response features have been 
attributed to “high-LET” radiations. These are phenomena that 
are either not qualitatively observed with conventional radiations 
with reduced radiation quality or are quantitatively different in 
their dose response to “low-LET” radiations. Table  1 provides 
a partial list of some of these unique features and a published 
citation for each. Many speculate that these response features are 
based on the body’s underlying response mechanisms of action 
to high-LET radiation particle-track-induced damage, compared 
to the more homogeneous distribution of initial damage from 
low-LET radiation modalities.

What makes particle radiation so effective are the features of 
the individual particle track structure with its dense ionization 
core, and peripheral δ ray extensions that protrude out radially 
as they each slow down passing through tissues, producing clus-
tered damage and shattering and disrupting DNA molecules in 
bunches to release short DNA fragments and cause other molec-
ular changes in cells and tissues. This kind of damage produces 
slower repair kinetics, and evidence of misrepair, genomic 

instabilities, microenvironmental changes and LET-dependent 
gene responses, as well as unique immune responses.91

Charged particle exposures in space travel
There is no more realistic venue for exposure to largely uncon-
trolled, and complex charged particle effects than what is 
encountered in space travel. Many comparisons have been made 
between the types and dose rates of radiation exposure encoun-
tered in ion beam therapy vs space travel.92,93 The clinical setting 
usually involves a controlled setting of partial body exposures to 
the tumor and some surrounding normal tissue of a single type of 
ion to a relatively high dose (>60 Gy) at usually 2 Gy/min, in one 
or a series of doses to a total dose limit linked to the surrounding 
normal tissue’s tolerance. In contrast, radiation exposures in 
space have been difficult to predict completely, since they arise 
from multiple radiation sources in the galactic cosmic ray spec-
trum according to an unpredictable solar year cycle.

More than 550 people have traveled into lower earth orbit (LEO) 
and beyond and returned to Earth.94 Radiation doses per astro-
naut from individual missions with a minimal number of Earth 
orbits such as occurred in the Mercury program, through to the 
6 months or longer missions on the International Space Station 
(ISS) have increased total radiation exposures to crew members.

Space radiation exposures occur from a complex mixture of 
many radiation types and multiple orders of magnitude ranges 
of energies in an environment of chronic, low dose rates, of rela-
tively low radiation qualities-predominantly from protons, with 
intermittent sprinklings of high-LET charged particle fluences. 
The two exposure scenarios could not be more different.

NASA bioastronautics roadmap
Today, the only permanent human outpost in space is the ISS, 
and current plans are to maintain this one-of-a-kind facility. 
NASA has received presidential approval for the return of males 

Figure 12. Carbon ion with concurrent chemotherapy (cisplatin-40 mg/m2 per week for up to 5 weeks) for locally advanced cer-
vical carcinoma. Kaplan–Meier curves of local control (A), overall survival (B), and distant metastatic-free rates (C) for all patients 
analyzed. Solid lines indicate carbon-ion radiotherapy with concurrent chemotherapy; dashed lines indicate carbon-ion radiother-
apy alone. Number of patients at risk is show below the figure. Republished with permission of John Wiley & Sons - Books, from 
Okonogi et al., Copyright ©201970 ; permission conveyed through Copyright Clearance Center, Inc.
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and females to the Moon by 2024, and Mars is a current planned 
destination if deemed safe for a manned mission in 2030 or 
beyond. The risks of space travel are complex but can be summa-
rized into three broad categories: (1) physiological problems 
caused by microgravity, (2) psychological and medical problems 
caused by isolation, and (3) acute and late risks caused by expo-
sure to space radiations. It is also important to point out that 
these three categories have many potential overlaps.

A comprehensive overview of the current status of space radio-
biology is available.95 Internationally, there are also intense 
research programs ongoing in Europe96, and China.97

Risk of tumorigenesis
Ionizing radiation is a weak carcinogen compared to hazardous 
carcinogenic chemicals. However, the enhanced biological effec-
tiveness of charged particles has long been a concern in the 
consideration of the use of these ions for health care, or as a late 
risk of space travel. However, neither the clinical ion therapy- or 
the space-cohorts has been reported to demonstrate an increased 
mortality from cancer due to their exposures to charged parti-
cles.98 It must be acknowledged though that space missions into 
deep space travel to Mars and beyond will involve greater space 
radiation risks, it is not yet known whether the higher doses 
preclude these manned-missions.

Figure 13. (a) Overall and cause-specific survival and (b) local and biochemical disease control after carbon ion radiotherapy for 
prostate cancer. Republished with permission of John Wiley & Sons - Books, from Ishikawa, et al., Copyright ©201272; permission 
conveyed through Copyright Clearance Center, Inc.
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Figure 14. Cumulative incidence of subsequent primary cancers by treatment group after carbon ion radiotherapy, photon radi-
otherapy, or surgery for localized prostate cancer: a propensity score-weighted, retrospective, cohort study. Republished with 
permission of Elsevier Science & Technology Journals, from Mohamad et al., Copyright ©201973; permission conveyed through 
Copyright Clearance Center, Inc.

Table 1. Some examples and reviews of unique features of the response to particle beam exposures

Unique Response Reference
Differential X-ray and particle beam phosphoproteome DNA damage 
response, cell-to-cell signaling & metabolic processes

Winter et al., 201781

Carbon ions combined with a hedgehog inhibitor are more effective than 
X-rays in decreasing medulloblastoma and prostate cancer cell survival and 
metastasis

Koningset al., 201982

Carbon ions were more effective than X-rays in decreasing motility genes in 
prostate and colon cancer cells

Suetens et al., 201583

Carbon irradiations induced large interstitial chromosome deletions 
throughout the genome of T-cell lymphoma cells, but only infrequently after 
X-ray exposures

Blyth et al., 201584.

Carbon ion, but not X-ray irradiation suppresses migration and invasiveness of 
human pancreatic carcinoma cells MIAPa via
Rac1 and RhoA degradation via Ub-mediated proteosomal degradation

Fujita et al., 201585

Photon irradiation enhances the phosphorylation of AKT, whereas carbon 
ion irradiation decreases it, leading to a reduction of HIF-1α resistance in 
normoxia

Harada et al., 201386

Ogata et al,201187

Review of differences between photon and particle beam effects on 
hypofractionation, radiogenomics, combined chemo- and immune-therapies 
and late toxicities due to changes in the microenvironment

Durante et al. 201488

Review of temporal and spatial dose variables on low-LET electron versus 
high-LET stopping protons on differential normal tissues and tumor effects

Mazal et al., 202089

Review of available evidence indicating that particle beams are more effective 
than X-rays when used in combination with immunotherapy

Durante &Formenti, 202090

LET, linear energy transfer.
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NASA radiation risk prediction model
The NASA Space Cancer Risk (NSCR)99 radiation risk predic-
tion model was reviewed and approved by the National Research 
Council in 2012. It forms the basis for estimating crew risks for ISS 
missions and trade studies of future Exploration Class missions. 
It only considers the risk of carcinogenesis, and includes the 
GCR environment,100 trapped radiation environment, and radi-
ation transport (HZETRN) for comprehensive dosimetry eval-
uation. It provides estimates of cancer incidence and mortality 
for age and gender-specific risks. The slope from age modifica-
tion is 1.3:1.0 from age 35 to 55. The risk model utilizes astro-
naut healthy population characteristics (lifetime never-smokers) 
lowers space radiation risk compared to the U.S. avg. population 
of about 20%. It also includes new Quality Factors and improved 
uncertainty estimates.

The NSCR model utilizes data/information analyzed from: (1) 
the epidemiology of previous human cohorts exposed to radia-
tion (BEIR-Biological Effect of Ionizing Radiation; UNSCEAR-
United Nations Scientific Committee on the Effects of Atomic 
Radiation; and RERF-Radiation Effects Research Foundation), 
(2) from terrestrial radiation sources research (NIH/NCI-
Terrestrial Cancer Research; DOE/DOD/DARPA-Radiation 
effects research; and International Research Activities, and finally 
(3) from NASA-funded space radiation research (the Human 
Research Program; the Space Radiation focused research, 
including information from animal models exposed to simulated 
space radiation environments at Brookhaven National Laborato-
ry’s NASA Space Radiation Research Laboratory (NSRL)).

Uncertainties in risk assessment
To date, there is no evidence for space radiation-induced cancer 
in astronauts or cosmonauts.101–106 We do however have good 
measurements of the types and doses of radiation during 
transit to and from Mars with either a fly-by or a stay on the 
surface.107–109 But, to date, no human has yet experienced 
protracted exposure to the estimated space radiation types, 
doses, and dose rates from a Mars expedition. However, quanti-
tative studies of tissue-specific cancer induction after low particle 
fluences are important to the understanding of cancer causation, 
e.g. by radiogenic targeted effect (TE) vs non-targeted effects 
(NTE). Animal experiments can help bridge this gap. In my own 
laboratory, we are using 1-ion, 2-ion, 3-ion and 6-ion mixed ion 
field whole-body murine exposures to investigate this important 
question. There is a need for renewed focus on the radiobiology 
of primary ion beam fragmentation into a mixture of potential 
interactive synergistic, or antagonistic effects from cell damage 
due to individual ions of lower atomic number, and on how these 
physical events can contribute to our understanding of enhanced 
RBE. Theoretical modeling of potential synergistic effects 
between ion beams is underway.110

New era for charged particle radiobiology
The human genome is mapped and being mined for tumor and 
normal tissue data on organ-specific radioresponses. We have 
powerful new genomic and proteomic tools available that have 
been able to help us focus on individualized medicine. New 
networks of gene and protein pathways have been identified. 

Gene expression profiles have been shown to change in a dose- 
and time-dependent fashion after exposure to particles of vari-
able LET. Tailored 3D image-guided and intensity modulated 
physics is available. Theoretical biophysical modeling is guiding 
treatment optimization, but more work is needed to understand 
nano- and micro-dosimetric energy deposition effects.

Despite the guidance of the IAEA’s 2008 Technical Reports Series 
No. 461, RBE in Ion Beam Therapy, there are still issues remaining 
for standardizing and reporting carbon-ion treatment plan-
ning and prescribed doses. International standards for ion dose 
reporting currently do not exist and will hinder clinical compar-
isons. However, this may be resolved soon, with the anticipated 
release in 2020 of ICRU Report 93, Prescribing, Recording, and 
Reporting Light Ion Beam Therapy. The most controversial issue 
in the reporting of dose is not the physical absorbed dose, but 
the definition of the biologically- or clinically equivalent dose. 
Despite acknowledgment of higher proton RBE measurements at 
low energy, RBE values of 1.0–1.1 are in current use.

Three different carbon ion RBE strategies are currently in use. We 
need to establish the selection of the gold-standard for absolute 
dose calibration. The single best reference radiation for determi-
nation of the RBE needs to be selected. Guidance should be given 
as to the selection of the best biological systems for determina-
tion of the RBE, and the most appropriate theoretical model to 
use to fit the biological data, and to predict the biological and 
clinical outcome based on the ion beam characteristics.

Open questions remain regarding the optimal particle species for 
each clinical situation, whether or not using more than one ion in 
a treatment plan is optimal for a specific tumor site, and the time 
dependence of differential tissue effects. Optimal fractionation 
schemes, and overall duration of treatment are still under study 
for individual clinical cases, and the impact they might have 
on individual sensitivity, and acute and late effects, including 
cancer induction risks. Age- and sex-dependent normal tissue 
dose limits and volume effects are still incomplete as well as their 
effects on stem cells. More research is needed to elucidate the role 
of chemotherapy combined with ion therapy to tackle micro-
scopic metastatic disease. Modeling of the radiochemistry of ion 
beam therapy would also contribute to clarification of the role of 
the reduced oxygen effect for high-LET radiations.

Conclusions
Ionizing radiations, including charged particle beams, are 
invisible (with rare exceptions, such as Cherenkov radiation or 
the northern or southern auroraborealis) and require shielding 
and monitoring to harness their potential therapeutic benefits 
and to limit their adverse health effects on Earth and in space 
travel. Results of several long-term follow-up (e.g. >5–20 years) 
studies of helium and carbon ion radiotherapy for the treat-
ment of cancer or other non-oncological lesions in selected 
lesion sites demonstrate the increasing potential for improving 
human health conditions. Numerous Phase III trials are in 
progress or planned that will further elucidate the long-term 
cures and consequences of carbon ion therapy for an exten-
sive list of tumor sites. Although the non-invasive feature of 
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particle beams has demonstrated promise in clinical applica-
tions to eradicate targeted tissues, there are many remaining 
complex challenges of uncontrolled particle beam exposures 
confounded by exposure to simultaneous stressors such as 
microgravity for planning radiation protection in space travel.
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