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Abstract
Helium ion beam therapy for the treatment of cancer was one of several developed and studied particle
treatments in the 1950s, leading to clinical trials beginning in 1975 at the Lawrence Berkeley National
Laboratory. The trial shutdown was followed by decades of research and clinical silence on the topic while
proton and carbon ion therapy made debuts at research facilities and academic hospitals worldwide. The
lack of progression in understanding the principle facets of helium ion beam therapy in terms of physics,
biological and clinical ﬁndings persists today, mainly attributable to its highly limited availability. Despite
this major setback, there is an increasing focus on evaluating and establishing clinical and research
programs using helium ion beams, with both therapy and imaging initiatives to supplement the clinical
palette of radiotherapy in the treatment of aggressive disease and sensitive clinical cases. Moreover, due its
intermediate physical and radio-biological properties between proton and carbon ion beams, helium ions
may provide a streamlined economic steppingstone towards an era of widespread use of different particle
species in light and heavy ion therapy. With respect to the clinical proton beams, helium ions exhibit
superior physical properties such as reduced lateral scattering and range straggling with higher relative
biological effectiveness (RBE) and dose-weighted linear energy transfer (LETd) ranging from ∼4 keV μm−1
to ∼40 keV μm−1. In the frame of heavy ion therapy using carbon, oxygen or neon ions, where LETd
© 2022 The Author(s). Published on behalf of Institute of Physics and Engineering in Medicine by IOP Publishing Ltd
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increases beyond 100 keV μm−1, helium ions exhibit similar physical attributes such as a sharp lateral
penumbra, however, with reduced radio-biological uncertainties and without potentially spoiling dose
distributions due to excess fragmentation of heavier ion beams, particularly for higher penetration depths.
This roadmap presents an overview of the current state-of-the-art and future directions of helium ion
therapy: understanding physics and improving modeling, understanding biology and improving
modeling, imaging techniques using helium ions and reﬁning and establishing clinical approaches and
aims from learned experience with protons. These topics are organized and presented into three main
sections, outlining current and future tasks in establishing clinical and research programs using helium ion
beams—A. Physics B. Biological and C. Clinical Perspectives.

2

Phys. Med. Biol. 67 (2022) 15TR02

A Mairani et al

Contents
1.
Introduction to the helium ion therapy roadmap
Part A: Physics
2.
Considerations for 4He ion beam facility/accelerator development and start-up
3.
Helium ion beam physics: experimentation and improved modelling of 4He nuclear
interactions
4.
Modeling and Monte Carlo simulation of helium ion beam interactions with matter
5.
Dose calculation development and treatment plan comparisons: preparations and
investigations towards optimal clinical practice with 4He
6.
Helium ion beams for imaging and treatment veriﬁcation techniques
Part B: Biology
7.
Key experiments and foundations for benchmarking a helium ion therapy program
8.
Radiobiological phenomena of helium ions: fundamentals, features, and clinical potential
9.
In vitro and in vivo biological readouts and indications for guiding clinical practice with
helium ions
10.
Effective dose and RBE modelling for helium-ion radiotherapy treatment planning:
progress and recommendations
Part C: Clinical Perspectives
11.
Challenges and remarks on the proton therapy experience with constant RBE
12.
Clinical directions with helium ions
13.
Clinical medical physics and treatment planning
14.
Future perspectives on helium ions
15.
Multi-ion therapy and the role of helium ions
16.
Concluding remarks on biology and physics considerations in the clinic
14.
Future perspectives on helium ions
15.
Multi-ion therapy and the role of helium ions
16.
Concluding remarks on biology and physics considerations in the clinic

3

4
8
12
15
18
21
25
28
31
33
36
40
43
46
48
51
48
51
53

Phys. Med. Biol. 67 (2022) 15TR02

A Mairani et al

1. Introduction to the helium ion therapy roadmap
Stewart Mein1,3,4 and Andrea Mairani1,2,3
1
Heidelberg Ion-Beam Therapy Center (HIT), Department of Radiation Oncology, Heidelberg University
Hospital, Heidelberg, Germany
2
German Cancer Research Center (DKFZ), Heidelberg, Germany
3
National Center for Tumor diseases (NCT), Heidelberg, Germany
4
National Centre of Oncological Hadrontherapy (CNAO), Medical Physics, Pavia, Italy
The role of particle therapy in cancer treatment continues to expand, with protons and carbon ions as the
leading therapies (Tommasino et al 2015). The clinical potential of high-energy charged particle beams was ﬁrst
identiﬁed in the early 20th century, demonstrating dosimetric superiority compared to conventional
radiotherapy. Their physical characteristics such as a ﬁnite beam range were well understood, leading to
extensive clinical trials using various particle species from protons and helium ions up to neon and argon ions at
the Lawrence Berkeley National Laboratory (LBNL) (Castro et al 1980). With a relatively narrow range of
biological effect variation, protons were quickly adopted as the leading particle therapy modality in the US, while
Japanese and German facilities further developed carbon ion therapy for its improved dose conformity and
higher LET for enhanced biological effect. Since then, technological advances in beam acceleration and delivery
using scanning-beam technology and intensity-modulation for high-precision dose localization continue to
improve tumor targeting and reduce normal tissue dose.
To date, clarity on the cost-beneﬁt of particle therapy remains rather subtle. More indication-speciﬁc data are
needed to better understand efﬁcacy and clinical outcome, e.g. overall survival (OS), progression free survival
(PFS) and/or overall response rate (ORR) endpoints, compared to conventional therapies. However, the main
attributes of particle beams at therapeutic energies can be beneﬁcial in treating tumors in close proximity to
critical structures/organs-at-risk and in patients where integral dose minimization is a priority. In theory,
particle therapy has, compared to intensity modulated photon therapy, the potential for increased OS, reduced
risk of secondary cancers and improved quality of life of the patient. That said, neither protons or carbon ions
can be considered the ‘perfect’ particle—and for the moment, ion species selection is based on availability and/
or facility/physician preference for a particular indication.
To this end, interest in helium ion beams is growing, with several studies exploring their unique biophysical
attributes intermediate of the two major clinical modalities. For instance, preparations to begin the ﬁrst raster-scanned
helium ion beam therapy program are underway at the Heidelberg Ion-beam Therapy Center (HIT) with other centers
in planning phase (Haberer et al 2004) . Despite their favorable physical and biophysical characteristics, i.e.,
intermediate qualities between proton and carbon ion beams, helium ions are used solely for experimentation and
have remained clinically unexploited worldwide since the shutdown of the LBNL trials using passive scattering
technology in the early 1990s (Castro 1977, Castro et al 1985, Saunders et al 2006). Helium ions are suspected to
provide clinically beneﬁcial distributions with tradeoffs between protons and carbon ions—for instance, enhanced
linear energy transfer (LET) and targeting compared to protons. Moreover, their anticipated clinical revival will present
numerous untapped medical and monetary advantages, considering the reduced fragmentation tail/variability in
biological effect compared to carbon ions coupled with the potential for a compact facility design (Jongen et al 2010).
Moreover, helium ions exhibit reduced lateral scattering and penumbra close to carbon ions, with a signiﬁcantly
decreased fragmentation tail for higher clinical energies (Tessonnier et al 2017a). Relative biological effectiveness (RBE)
values for helium ions range between ∼1.3 and ∼3. With such characteristics, helium ion beam therapy has the
potential to improve clinical efﬁcacy of several treatment sites such meningioma and in pediatrics (Knäusl et al 2016,
Tessonnier et al 2018).
Compared to its scientiﬁcally matured predecessors, helium ion therapy is in an elementary state and substantial
ground level work towards development and study of helium ions is required for optimal future practice. For example,
prior to the ﬁrst patient, selection of an appropriate dose level, fractionation scheme, tissue radio-sensitivity (α/βx)
assignment, algorithm for dose calculation, and model for relative biological effectiveness (RBE) are essential—issues
which call for consensus both locally within an operating facility and among the particle therapy community at large.
Recent works take the steps towards evaluating biophysical phenomena of 4He (Dokic et al 2016), developing models
for RBE (Mairani et al 2016a, 2016b, 2016c) and assessing associated models from a clinical standpoint (Stewart et al
2018, Mein et al 2020). Inter- and intra-model dependencies in silico were observed and subsequently benchmarked
in vitro. Depending on the case study, clinically relevant differences in RBE prediction as a function of the various
endpoints (dose, LET and tissue type) can be observed.
Helium ion beams produce their own distinctive energy and particle species spectra. Similar to proton beams,
the helium ion beam spectra composed mainly of proton, deuteron, triton, helium-3, helium-4 and neutrons
afford a unique physical dose distribution and, in turn, biological effect. Physics simulation methods such as
4
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Figure 1. Roadmap for development, investigation and clinical translation of helium ion beams. Topics include the following: past,
present and future clinical trials, physical characterization of helium ions, accelerator/facility start-up, imaging/veriﬁcation
techniques, dose calculation algorithms, TPS development and validation, biological effects (in vitro versus in vivo), clinical modeling
and novel applications.

Monte Carlo are the predominant means to model and predict mixed radiation ﬁelds in ion beam therapy. Proper
characterization of mixed radiation ﬁelds for various particle species is important to establish a simulation framework
and predict both physical dose and effective dose prediction in complex geometries like patients. Recently, the
FLUKA (Battistoni et al 2007, Böhlen et al 2014) and MonteRay Monte Carlo codes (Lysakovski et al 2021) are under
development for improved modeling of helium ion beam radiation and updated with cross-section measurements
for fragmentation of helium ions (Lysakovski et al 2021).
Recent efforts perform comprehensive dosimetric characterizations (Tessonnier et al 2017a, Horst et al 2019) and
develop in-house dose engines for helium ions, both analytical and Monte Carlo (Fuchs et al 2012, Krämer et al 2016,
Tessonnier et al 2017b, Mein et al 2018), with both research and/or clinical investigations, such as in vitro study,
treatment plan comparisons or clinical TPS development and validation. Regarding dose calculation, published
works outline approaches to the pencil beam algorithm (PBA) for helium ions (Krämer et al 2016, Mein et al 2018),
demonstrating acceptable agreement with Monte Carlo simulation and measurements in both homogenous and
heterogeneous settings (Böhlen et al 2013, Mein et al 2019a). Such systems support RBE calculation and clinical
integration of the ﬁrst commercial TPS for helium ion therapy, currently underway at HIT in collaboration with
RaySearch (Stockholm, Sweden).
For imaging and treatment monitoring, helium ions are a promising candidate for their reduced lateral
scattering compared to protons, and reduced imaging dose (with comparable image quality) compared to carbon
ions (Volz et al 2017, Parodi and Polf 2018, Mein et al 2019a). Examples of novel systems to reduce delivery
uncertainties by properly locating and verifying the delivered Bragg peak in vivo for particle beams include prompt
gamma spectroscopy (Hansen et al 2013, Martins et al 2017, Dal Bello et al 2018, Dal Bello et al 2019) and ion-beam
radiography (Martišíková et al 2018, Gehrke et al 2018a, 2018b, Dal Bello et al 2019, Bello and Seco 2019).
For protons, clinical treatment planning assumes a constant relative biological effectiveness (RBE) of 1.1, a
conservative estimate, while for carbon ions, more intricate models are implemented to consider the multidimensional variability of RBE. With over a decade of clinical experience in particle therapy, what have we
learned from these delivered treatment techniques, assuming a constant RBE for protons and variable RBE for
carbon ions to best practice future modalities?What are the aims/primary treatment sites for helium ions in
place of the status quo?Prior to clinical application of helium ions, we address the prospective tasks and
challenges that will direct the clinical introduction of active scanning helium ion beams (ﬁgure 1). These efforts
call for interdisciplinary collaboration between physicians, physicists and radiobiologists within the scientiﬁc
community to realize the full clinical potential of this technology.
5
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Considering these discussion points, much work remains to understand various aspects of therapeutic
helium ion beams. In this roadmap, key topics and questions related its applications in medicine are presented,
categorized into three sections (‘Physics’, ‘Biology’ and ‘Clinical Perspectives’). Given the applied nature of
helium ion therapy, the discussed topics are highly associative and collaborative. Therefore, connection and
consideration between the different themes and sections are critical (ﬁgure 1).
Primary aims involve establishing physical, biological and clinical basis for treatment with helium ion beams
and determining/quantifying unknowns. Once identiﬁed and concepts are implemented and/or considered in
subsequent R&D and clinical practice, the main objectives should aim to improve efﬁcacy and accuracy while
reducing uncertainties of these ‘knowns’ as currently underway with clinical proton beams, for example,
outlined in the AAPM 256 task report and proton therapy roadmap (Paganetti et al 2019, 2021). It is impractical
and, in some form, futile to present a comprehensive roadmap speciﬁc to only helium ions, i.e. without
mentioning concepts which are certainly applicable to other ions and particle therapy as a whole. Therefore,
readers may approach this roadmap as an assessment of helium ions and potential roles in radiotherpy, an
outline for future endeavors with helium ion beams, and as a scientiﬁc exploration of novel ion beams.
Physics
Widespread adoption of particle therapy, especially for novel ions like helium, is hindered by the substantial facility
start-up costs. Fewer centers host high energy helium ion beams within the therapeutic range for key measurements
necessary to develop and test delivery and detection systems and improve physics models. With this paucity of
infrastructure, our understanding of helium ion beam transport and interactions in various materials needs
reﬁnement. Lastly, reliable dose calculation and treatment planning engines are needed for both preclinical evaluations
of helium ions and trial start-up. Correspondingly there are ﬁve roadmap contributions in this topic: ‘Considerations
for 4He ion beam facility/accelerator start-up and beam delivery development’, ‘Experimentation and improved
modeling of 4He nuclear interactions’, ‘Modeling and Monte Carlo simulation of helium ion beam interactions with
matter’, ‘Dose calculation development and treatment plan comparisons: preparations and investigations towards
optimal clinical practice with 4He’ and ‘Helium ion beams for imaging and treatment veriﬁcation techniques’.
Biology
Better understanding and predicting the variations in biological response when exposed to particle beams
compared to photons is a critical scientiﬁc point of interest and arguably the main source of uncertainty in
treatment efﬁcacy for particle therapy. An overwhelming majority of experimental biological data applicable to
helium ion beams pertains to radioactive isotopes with alpha-emitters of low energy/high LET and minimal
range (on the order of a few millimeters). Existing data from LBNL and facilities currently operating with helium
ions in research mode provide foundational benchmarks however further data is urgently needed not only to
address scarcity of in vitro and in vivo data but to quantify cell characteristics beyond standard endpoints based
on survival/cell-kill. With these data, expansion and validation of intricate biophysical modeling is made
possible. For instance, measurable and immeasurable genomic/cell/tumor micro-environment characteristics
when exposed to high-energy helium ion beams will further distinguish the role of multiple particles in
radiotherapy and facilitate clinical outcome interpretation of site-speciﬁc treatment. There are four roadmap
contributions in this topic: ‘Key experiments for benchmarking a helium ion program: the LBNL experience’,
‘Radiobiological phenomena of helium ions: fundamentals, features and clinical potential’, ‘in vitro and in vivo
biological readouts and indications for guiding clinical practice with helium ions’, ‘Effective dose and RBE
modeling for 4He: progress and recommendations towards patient-speciﬁc treatment planning’.
Clinical perspectives
Establishing clinical standards in treatment planning and approaches to randomized clinical trials for determination
of efﬁcacy of helium ion beam therapy compared to standard clinical modalities is a main priority. Consequently,
proper consideration and/or translation of advances in physics and radiobiology for helium ion beams is paramount
to improve standard of care given current capabilities and limitations. With more advanced treatment efﬁcient and
robust delivery and improved understanding of particle radiobiology, future uses of helium ion beams may involve
more personalized treatment regimes using advanced delivery techniques (e.g. ultra-high dose-rate, hypofractionation, multi-ion therapy, arc, etc) and combined therapies (e.g. radio-sensitizer/repair inhibition,
immunotherapy/response modulation, etc). There are six roadmap contributions in this topic: ‘Challenges and
remarks on the proton therapy experience with constant RBE’, ‘Clinical directions with helium ions’, ‘Clinical
medical physics and treatment planning’, ‘Future perspectives on helium ions’, ‘Multi-ion therapy and the role of
helium ions’ and ‘Concluding remarks on biology and physics considerations in the clinic’.
Summary
This Physics in Medicine and Biology roadmap is written for readers with clinical, industry and/or research
6
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backgrounds in radiation oncology, radiation physics and radiation biology. Many of the topics discussed focus
on foreseeable scientiﬁc developments needed to best establish the future of helium ion beam therapy in the
context of what is learned from experiences with current particle therapies. Here, the status of helium ion beam
therapy and future directions are surveyed toward establishing novel ion beam therapy programs, which
categorizes the articles into three different themes, ‘Physics’, ‘Biology’, ‘Clinical Perspectives’. For example, in
‘Physics’—measurements, modeling understanding, accuracy in the TPS, LET/RBE considerations during
clinical practice, and applications in imaging/treatment veriﬁcation and monitoring. ‘Biology’—what are the
anticipated differences in biophysical and clinical endpoints from using passive delivery at LBNL to state-of-theart active scanning during trials, key endpoints of interest, how to approach and model biological-phenomena
and trends, and how to best measure and implement bio-effect considering existing treatment approaches for
proton and carbon ion thearpy. ‘Clinical Perspectives’—establishing a clinical program using helium ions,
deﬁning clinical parameters and settings following existing schemes for dose escalation studies, prospective
treatments techniques and what is learned from decades with protons to best practice helium ions.
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Part A: Physics

2. Considerations for 4He ion beam facility/accelerator development and start-up
Thomas Haberer1, Stewart Mein1,2,3, Andrea Mairani1,3,4
1
Heidelberg Ion-Beam Therapy Center (HIT), Department of Radiation Oncology, Heidelberg University
Hospital, Heidelberg, Germany
2
German Cancer Research Center (DKFZ), Heidelberg, Germany
3
National Center for Tumor diseases (NCT), Heidelberg, Germany
4
National Centre of Oncological Hadrontherapy (CNAO), Medical Physics, Pavia, Italy
Introduction
During the pioneering era of ion beam therapy at LBNL (Berkeley, USA), more than 2000 patients were treated
with relativistic helium ion beams. Just one year after the shutdown of the clinical program at the Bevalac in 1993
clinical trials for carbon ion radiation therapy (CIRT) started at HIMAC (Chiba, Japan), followed by a 1997 pilot
project at GSI (Darmstadt, Germany) for the hospital-based particle therapy facility at the University of
Heidelberg (Haberer 2012). While the clinical beamline at GSI was designed to transport oxygen beams, the ﬁnal
decision in favor of carbon ions for clinical translation at the Heidelberg Ion-beam Therapy center (HIT) a
decade after clearly represents a compromise to balance radiobiological and physical characteristics as well as the
comparability with the clinical trials conducted in Japan ( Jäkel et al 2022).
Today, the state of affairs for facility design and start-up is not comparable to what it was in the 90s during
the initial surge in proton or carbon ion therapy post-LBNL shut down. At the time of program development at
HIMAC and GSI, there were no established vendors for particle therapy and a major milestone was met by
instituting the know-how-transfer into the industry which our growing ﬁeld beneﬁts from today with +50
facilities. Several reputable vendors now exist which have experience in design, assembly and operation of
charged particle accelerators, beam lines, active delivery and monitoring systems of various types and sizes. With
that said, how should we best proceed with helium ion facility start-up?What are the primary considerations
and current limitations for centers using helium ion beams in the present day?
This contribution touches on viewpoints speciﬁc to helium ion beams and is best suited for readers with
prior knowledge in fundamental aspects of particle therapy. A dedicated section of recent roadmap for proton
therapy physics and biology provides an outlook for optimizing accelerator technology and facility speciﬁcations
for delivery efﬁciency/cost reduction, such as treatment room design/operation, delving into topics such as
recommended improvements for synchrotron versus cyclotrons, scanning systems and energy switching
mechanisms (Paganetti et al 2021). These topics are applicable to charged particle beams in general and we
recommend reviewing these sections for more fundamental outlooks of improving per se the current state,
accelerator/delivery technology and facility design/operation for particle therapy as a whole.
Status
Since the clinical inauguration of HIT in 2009, Europe’s ﬁrst hospital-based ion beam therapy facility, the mission
was (and still is) twofold: to run clinical trials and to conduct biophysical studies to better understand which
indication beneﬁts most from what particle therapy modality. As of 2021, HIT is conﬁgured to offer two lower LET
beams, protons for clinical and helium (see ﬁgure 2) for pre-clinical applications, and two higher LET beams,
carbon for clinical and oxygen for pre-clinical applications (Haberer et al 2004). Even though more than 7000
patients at HIT were successfully treated using proton or carbon beams our analysis shows (Mairani et al 2016a)
that improved clinical protocols are achievable once helium is fully commissioned and approved. Since installation
of the helium ion source in 2015, fundamental work began to understand physical and radio-biological properties
of helium ion beams to achieve a ﬁnal quality suitable for safe and effective patient treatment. This year, HIT is set to
begin the ﬁrst helium ion beam therapy treatment program using raster-scanning technology.
With the start of the clinical program at HIT in 2009 a government grant became available that triggered the
development of a third ion source branch. As a ﬁrst step a commercially available ion source (Pantechnik 2021)
was installed at HIT’s injector test bench, optimized for the production of helium ions and combined with a
mass spectrometer to guarantee the purity of the beam (2011/2012). Summer 2013 two mini-shutdowns of 4
days each were used to install the tested ion source/low-energy beam transfer components at HIT’s regular
injector and to integrate this section into the accelerator control system. By the end of 2013 the status of technical
commissioning allowed the ﬁrst raster-scans using 4He at the research cave (see ﬁgure 2) which was the starting
point of a broad biophysical program to establish the base data for the treatment planning and modelling
platforms (Böhlen et al 2013, Mairani et al 2013, Tessonnier 2017a, 2017c, Mein et al 2018, 2019b) and to study
8
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Figure 2. Raster-scan of the helium isotope symbol recorded in a radiochromic ﬁlm at HIT (4He@HIT, 220.5 MeV/u).

the radiobiological properties in detail (Dokic et al 2016, Mairani et al 2016a, 2016b, Tessonnier 2017, Mein et al
2019b, Kopp et al 2020a). In 2018 an additional fund could be raised to realize upgrades of the medical product
in the treatments rooms (IONTRIS, Siemens Healthineers) and the upcoming treatment planning system
(RayStation, RaySearch, Stockholm, Sweden). The close collaboration of these vendors with HIT’s experts
enabled the ﬁrst raster-scanning dose delivery of treatment plans suitable for clinical use in summer 2020.
Apart from HIT, other facilities are either using helium ion beams for research purposes, gearing up for
clinical-use or planning future treatment centers. Given facility speciﬁcations and on-going research/clinical
efforts at National Center of Radiological Sciences (NIRS) in Chiba (Quantum Scalpel Project 2021), a japanbased helium ion treatment program either as a standalone particle or integrated in a multi-ion therapy program
has been proposed (see section 15 on multi-ion therapy). Additionally, other Asian and European based carbon
ion facilities, such as SPHIC (Shanghai, China), MedAustron (Vienna, Austria), and CNAO (Pavia, Italy), to list a
few, are readily equipped for accelerator adaptation and helium ion source integration. With the absence of
vendors offering helium treatment options, how can we adapt existing accelerators or develop novel systems that
are simultaneously cost-effective and yielding high clinical performance?
Current and future challenges
With respect to existing accelerators for helium ion beams, existing technology in the proton and carbon ion
world should be considered for initial design and ﬁrst we must identify the modiﬁcation required speciﬁcally for
adapting to helium ions.
In principle, several operational carbon ion facilities can be adapted for acceleration of helium ion beams.
Similarly existing sources can also be adapted for helium in a relatively short time span. That said, the mission of
adapted carbon ion facilities is to generate initial experience in terms of pre-clinical (physical and biological data)
and clinical results for helium ions. If results look promising, development of dedicated solutions using helium
ions could be particularly valuable. It may turn out to be a very attractive solution for the future. Adding auxiliary
higher-LET beams alongside protons and not being as costly as carbon ions could be interesting in terms of
properties like scattering, mild RBE increase and OER aspects (see sections 9 and 11).
In an existing facility like HIT, the integration of a third ion source branch into the production is a challenge in
terms of the limited space in the injector area and the upgrade must be realized at an almost zero downtime budget
as a facility like HIT is operated in a 24/7 mode during 335 days per year. In principle, two different isotopes could
be used for helium ion-beam therapy, namely 3He and 4He (Horst et al 2021). In the original proposal of the HIT
facility, the use of the more exotic 3He isotope was foreseen instead of 4He. However, for the ﬁnal realisation at HIT
the preferred helium isotope was 4He in order to maximize the sharpness of the lateral dose fall-off. But as a result of
HIT’s risk management a technical solution was required that safely identiﬁes and solely accelerates 4He2+. As a
potential ion mixture in the ion source plasma chamber having a mass-to-charge ratio A/Q=2 (12C6+, 14N7+,
16 8+ 20
O , Ne10+) could be the result of a leakage, at HIT the residual gas is permanently monitored using a mass
spectrometer coupled to the accelerator interlock system (Winkelmann et al 2012a, 2012b). The ﬁrst phase of the
permanent establishment of a new ion species is the physical and radiobiological characterization of the beam to
provide the information for the base data generation and the deﬁnition of the pencil beam library shared by the
accelerator controls and the treatment planning and modelling platforms (Mairani et al 2016a, Pantechnik 2021).
9
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As for helium the underlying cross sections are not precisely known, these data-taking campaigns require a relevant
amount of beamtime typically allocated during the nights. A quasi-parallel operation of all ion sources with very
short changeover times optimally supports the commissioning of the new ion species. The technical challenge
consists in ﬁnding a solution for a compact low energy transport line equipped with two ECR ion sources that can
be switched within minutes (Winkelmann et al 2012a, 2012b).
The challenging integration of a third ion source branch could be accomplished by developing a very short
low energy beamline from the ion source to the analyzing dipole magnet. The source was positioned in the
optical focus of the spectrometer magnet. This analyzing magnet serves two purposes: it is used to select between
the carbon and the helium ion source and it allows for the selection of the appropriate ion species to be
transported into the ﬁrst linear accelerator section, the RFQ (see ﬁgure 3). The original three-electrode design of
the ECR ion source was upgraded to a four-electrode set-up resulting in an increased beam brilliance
(Winkelmann et al 2012a, 2012b) .
Not every facility can readily implement helium ions as described above. The HIT system may be considered one
of the more ﬂexible accelerator types in terms of adding novel particle beams but it’s not the solution for every clinical
site. In general, a system designed for carbon ions will not be challenged by adding helium beams. Neither the space
charge limit nor the transport efﬁciency pose critical problems. Moreover, developments in R&D for novel treatment
and delivery techniques in particle therapy are foreseen which will ultimately require tech upgrades for existing heavy
ion facilities within the next decades. Therefore, the next generation design for accelerator/delivery tech for helium
ions must consider increasing demand for high performance, ﬂexible and cost-effective systems.
Advances in science and technology to meet challenges
Upgrading an existing hospital-based proton therapy facility typically is not a realistic option. However, a phased
installation that starts with protons and helium ions produced in a compact cyclotron and adds carbon ions
accelerated to clinically relevant energies by a booster cyclotron at a later stage was proposed already one decade
ago (Schippers et al 2009). Facilities being designed for carbon ion production and delivery may consider adding
helium functionality or switching one particle species to helium. Seeing the enormous progress in the ﬁeld of
accelerator technology, image guidance and computing, dedicated and highly compact helium ion therapy
systems could be realized. Industry in cooperation with experts in the ﬁeld can tailor single or multi-room
systems meeting the customer’s requirements.
One can also consider clever accelerator technology such as variable energy cyclotrons (Hori et al 2017,
Minervini et al 2019) as an interesting starting point. For instance, compact, cooled superconducting cyclotron
models with variable energy and possibly two particles (p/He or C/He) could be particularly advantageous to
offer almost table-top sized accelerators for helium. Implementation of short beamlines with no degeneration
systems could make possible a two-room facility option for helium with mitigated radiation protection issues.
For instance, recent proposals describe a helium ion therapy system based on ‘classical concept of injector linac
and synchrotron’, but incorporate modernized developments for various components (Sapinski 2020). Other
initiatives like the HEATHER (HElium ion Accelerator for radioTHERapy) project design dedicated accelerators
for helium ion therapy (Taylor et al., 2017). Using non-scaling ﬁxed ﬁeld alternating gradient (nsFFAG)
accelerators, which take beneﬁts from both the synchrotron and the cyclotron (Taylor et al 2016). However, these
works may be questionable for two reasons: FFAG typically needs very large and heavy magnets. This concept seems
to be of special interest for accelerator developers whereas a cost-efﬁcient, hospital-based system may not beneﬁt
from FFAG. A conventional carbon cyclotron (as it was or still is planned for the French-based ARCHADE project
(Habrand et al 2015)) is extremely heavy and will be seriously challenged by synchrotron systems. That said,
compact cyclotron solutions for ions heavier than protons (e.g., helium and carbon ions) are under development
and could bring the two room facility option for helium+carbon to clinical fruition (Jongen et al 2010).
Aside from these works, there is little information about upcoming dedicated helium ion accelerator tech. Lastly
there’s a growing interest in novel treatment delivery approaches like MR-guidance, ultra-high dose rate (uHDR),
multi-ion, and arc delivery where helium ions may prove clinically advantageous. Future facility design and features
should address the limitations of existing accelerator and delivery tech to enable potentially transformative treatments:
• p/He4 ion gantry: based on the experience gathered while treating more than 7000 patients at HIT it can be
clearly stated that a rotating gantry is mandatory. Downscaling HIT’s pioneering conventional carbon gantry
technology to meet the requirements of helium ion treatment would result in an only moderate reduction of
about 25% concerning the radius as well as the building space. Nowadays superconducting (SC) carbon gantries
can be realized that are characterized by a massive reduction in weight and very compact dimensions hence
reduced building and operational costs. Already the 3rd generation of a SC gantry based on combined function
magnets is under development (Iwata et al 2018) that aims at Bmax∼5 Tesla. The overall dimension of such a
design will be relevantly smaller than a conventional proton gantry. Combining an energy-variable compact
10
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Figure 3. The HIT-injector upgraded with a compact third ion source branch dedicated for the production of 4He ions (lower right).

accelerator that delivers scanning-ready pencil beams with such a 3rd generation SC-gantry will allow for almost
tennis court size single room systems for helium (Toshiba Energy Systems & Solutions Corporation 2017).
• MR-guidance: daily MR-imaging would offer superior soft-tissue contrasts in combination with volume-ofinterest monitoring and potentially allow for an on-table adaption of treatments plans. While in conventional
radiotherapy MR-linac systems are in clinical use for particle therapy, due to the additional complexity caused
by the interaction of the charged particles with the imaging ﬁeld (Hoffmann et al 2020) the development has
just started. At HIT within the ARTEMIS-project, a demonstrator for MR-guided dose delivery is under
development. Design and application of on-board MR-guidance with helium ion therapy will require speciﬁc
physics considerations. One can imagine that a relevant fraction of gantry-patients may be treated at an MRguided system once the workﬂow for imaging, treatment planning and veriﬁcation gets sufﬁciently fast (see
section 5 on dose calculation).
• FLASH dose-rate delivery: according to recent studies, FLASH irradiation requires dose rates somewhere in
the range of >50–100 Gy s−1 (see section 8 on radiobiological phenomena). Assuming a treatment volume of
several hundred cubic centimeters such a dose rate is not compatible with the space charge limit of a compact
synchrotron even if the dose delivery is realized by a passive spreading system. Cyclotrons or synchrocyclotrons have the potential to treat clinically relevant volumes using passive dose delivery methods. As of
today the potential therapeutic window for FLASH irradiations appears to be small whereas the superior dose
conformation of scanning beam delivery is obvious and in broad use. FLASH uHDR dose-rate helium ion
beams have recently entered the lime-light (Tessonnier et al 2021).
• Arc delivery: studies have shown that arc delivery would allow for improved OAR and normal tissue sparing
(Mein et al 2021, Mein et al 2022a; Mein et al 2022b). But combining beam scanning dose delivery with the
gantry rotation into a continuous irradiation procedure requires sophisticated control mechanisms not only
for the scanning system but for the energy and angle dependent settings of the beamline elements. A ‘rotateand-scan procedure’ using a sufﬁcient number of pre-deﬁned and quality-assured ports represents an
excellent option at this point. Several works have outlined optimization and delivery procedures for protons
but dedicated solutions for heavy ion gantry are required (Ding et al 2016, Liu et al 2020). CERN’s innovative
GaToroid concept (Bottura et al 2020) may become a highly attractive beam delivery system to deliver a large
number of ﬁelds not needing a complex and costly rotational structure.
• Multi-ion therapy: mixing ions in a single fraction can already be done at HIT; however, the workﬂow may be
cumbersome but manageable, which may call for speciﬁc developments (see sections 13 and 15 on clinical
physics and multi-ion therapy). The role of helium and the other ion species of interest should be investigated
further in multi-ion therapy.
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Concluding remarks
The revival of helium ion therapy that is envisaged for 2021 at HIT using state of the art imaging, dose delivery
and planning methods will mark a new chapter in ion beam therapy. The very promising properties of helium
beams hopefully can be transformed into better treatments and exciting ideas like mixed beam protocols already
came to life (Kopp et al 2020).
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3. Helium ion beam physics: experimentation and improved modelling of 4He nuclear
interactions
Christoph Schuy, Felix Horst and Uli Weber
GSI Helmholtzzentrum für Schwerionenforschung, Darmstadt, Germany
Status
Like carbon ions, helium ions undergo various interactions when penetrating a patient’s body: electronic energy
loss, multiple coulomb scattering and nuclear fragmentation alter the composition, energy and direction of the
radiation ﬁeld before hitting the target volume. In contrast to heavier ions, however, the possible projectile
fragmentation channels for 4He are extremely limited (ﬁgure 4). Moreover, nuclei within the patient’s body—
mainly oxygen nuclei in the water molecules of the tissue—will break up into target fragments and further alter
the beam composition and radiation quality.
During the initial preparation of 4He therapy at HIT, inconsistencies between measured and calculated 1Ddepth dose distributions were found (Tessonnier et al 2017a). Therefore, HIT and the GSI Helmholtzzentrum
für Schwerionenforschung started a dedicated measurement program (Horst et al 2017, 2019) to improve the
total nuclear reaction cross section models for 4He ions used to calculate the basic data (e.g. Bragg curves) for
treatment planning systems (see section 5 on treatment planning). Discrepancies between theoretical models
and measured cross sections could be identiﬁed and the models in the FLUKA Monte Carlo code (see section 4
on Monte Carlo modeling) were adjusted appropriately (Arico et al 2019) (ﬁgure 5 left), leading to an improved
accuracy of recalculated 4He depth dose distributions. In previous experiments, angular distributions of
fragments produced by 4He ions in water targets were also studied (Rovituso et al 2017) (ﬁgure 5 right).
When calculating 3D dose and particle distributions, considering not only the longitudinal but also lateral
dimension, total reaction cross sections alone are not sufﬁcient to describe fragmentation processes in detail and
need to be supplemented with additional isotopic single and double differential cross sections to reach the full
predictive power of the theoretical models (ﬁgure 4). The quality of transport calculations, a fundamental part of
treatment planning, as well as the prediction of the relative biological effectiveness (RBE) are directly linked to
the goodness of these underlying models (see sections 7–10 on radiobiology). For an accurate prediction of 3D
dose distributions produced by 4He ion beams in water, including the wide halo from light secondary fragments,
more nuclear cross section data is necessary. Furthermore, a precise knowledge of the creation of fragments and
secondary particle yields is a necessity for treatment veriﬁcation techniques (see section 6 on imaging and
treatment veriﬁcation), including positron emission tomography (PET) or experimental online monitoring
techniques using prompt gammas or charged fragments. Besides their direct application in therapy, 4He ions are
also a prime candidate for radiography applications (Martisikova et al 2018) and are part of novel beam delivery
techniques like the simultaneous mixing of carbon and 4He beams (Volz et al 2020).
Current and future challenges
To fully exploit all the potential beneﬁts of 4He ions, highly functional and benchmarked interaction models and
transport codes, which can accurately describe a pencil beam traversing a patient’s body, are a necessity. This
directly translates to a high demand on the quality of the available cross section data, while the use of Monte
Carlo methods and geometries with realistic material compositions not only drastically increases the demand on
the quantity of total cross section datasets but also the demand for full double differential measurements. As
mentioned previously, these demands are not fully met by the available experimental data (Norbury et al 2020).
While sufﬁcient datasets are available for 4He total reaction cross sections in the most important materials
(Norbury et al (2020), ﬁgure 2), high quality isotopic single- and double-differential datasets in the appropriate
energy range and for targets of interest are especially sparse. Additionally, available data points show comparably
large uncertainties and, therefore, are not always directly useful for modeling. Thus far, target fragmentation, a
relevant effect in proton therapy was not investigated in detail for 4He and might strongly inﬂuence the initial
build up in the ﬁrst few centimeters of material (Pfuhl et al 2018). Overall, the existing gaps can be explained with
several peculiarities of applied nuclear physics research for particle therapy.
Firstly, the use of the traditional radiotherapy reference material, water, in a nuclear physics context,
complicates the production of pure and well-deﬁned (e.g. thickness, composition, etc) interaction targets,
directly increasing the measurement uncertainty in thin target cross section measurements.
Secondly, in contrast to most other research ﬁelds at high-energy particle accelerators, therapy related
research is typically not backed by large collaborations, but spread over numerous smaller independent research
groups located at different accelerators. While often highly useful to tackle smaller research projects that are
common in applied medical physics, the lack of collaboration often limits the achievable quality and type of the
13
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Figure 4. Schematic representation of the cross section hierarchy for 4He beams. The experimental complexity and beam time
requirements increase drastically for single- and even more for double-differential measurements.

Figure 5. Left: Updated parametrizations of Tripathi96/99 (lines—Horst et al 2019) compared to available experimental total reaction
cross section data (symbols—Norbury et al 2020). The cross section of 4He+H2O (black line) was calculated by adding the cross
sections of H (red line) and O (blue line) and compared to a direct measurement on a water target (black symbol). Right: Angular
distribution of primary ions and fragments produced by 120 MeV/u 4He on a 4.3 cm thick water target (Rovituso et al 2017).

measured cross section data. This also limits the available manpower, the development of dedicated detector
technology, the available budget and the beam time of extensive cross section measurement campaigns.
As also pointed out in ‘section 4’, a closer collaboration between experimentalists and theoreticians/code
developers would be highly desirable.
Lastly, the availability of facilities offering high purity 4He beams and the necessary infrastructure to enable
complex cross section measurements is limited. The only medical accelerator in Europe that currently fulﬁls all
necessary requirements for complex fundamental physics experiments with 4He beams is HIT. On the other
hand, acquiring reasonable amounts of beam time at dedicated research accelerators, like GSI/FAIR, is highly
competitive and difﬁcult to achieve without strong political support of a large community.
Advances in science and technology to meet challenges
To partially mitigate the aforementioned problems, the biophysics community established a Cross Section
Working Group during the ﬁrst International Biophysics Collaboration, meeting in 2019 (Durante et al 2019).
The aim of the collaboration is to offer the necessary political support to identify and tackle large-scale
biophysical problems. The aim of the working group is speciﬁcally to identify missing cross section data for
particle therapy and space radiation protection necessary for precise theoretical modeling. Due to the resurgence
14

Phys. Med. Biol. 67 (2022) 15TR02

A Mairani et al

of interest in particle therapy using helium beams, the ﬁrst focus of the working group was to study
fragmentation of light ions (Norbury et al 2020).
Additionally, the Italian led FOOT (FragmentatiOn Of Target) experiment promises high quality doubledifferential measurements for medical and space radiation protection purposes in the near future (Valle et al
2019). To enable these high precision measurements, the FOOT collaboration designed a medium-scale and
travel-ready nuclear physics experimental setup, which employs full vertex (interaction point) reconstruction
and a magnetic spectrometer and was optimized to operate under typical infrastructure constraints present at
medical particle accelerators.
Furthermore, additional dedicated experimental rooms in clinical facilities (CNAO, Med-Austron) have
been recently commissioned and will be able to offer 4He beams in the future (see table 3, Norbury et al 2020),
strongly reducing the current beam time constraints for cross section measurement campaigns.
It is important to note that smaller scale experiments are still useful and necessary. Due to their reduced
complexity, small scale experiments can be optimized to measure speciﬁc systems or quantities with high
precision in a comparably short timeframe. Furthermore, their data is highly useful to complement and validate
the data of larger experiments. Nevertheless, small-scale fundamental physics experiments need to adjust to
utilize their impact fully. The fast adaption of state-of-the-art electronics, dedicated detector developments, like
the TIMEPIX (Llopart et al 2007) system, or the fast translation of particle physics detectors, like MIMOSIS
(Deveaux et al 2019), are a necessity. These technologies will not only increase the precision of smaller scale
applied nuclear physics experiments, while limiting the amount of necessary beam time, but also offer new
opportunities in other relevant topics for particle therapy, like beam monitoring or imaging.
Lastly, it should be emphasized, that larger scale experiments, like FOOT, should focus on the measurement
of cross sections on relevant elemental targets to fully exploit their high precision, whereas dedicated smaller
experiments should continue to additionally measure using optimized water-targets or other compounds to
guaranty proper validation.
Concluding remarks
Although thousands of patients were treated decades ago using 4He beams at Berkeley, radiation transport
calculations are still not able to accurately describe all helium interactions—especially the lateral distribution of
a pencil beam—with the precision necessary for state-of-the-art particle therapy. To support the start of 4He ion
therapy at HIT, extensive measurements campaigns were performed and the cross section working group of the
international biophysics collaboration identiﬁed literature gaps within the cross section database. Additionally,
large-scale experiments, like FOOT, promise to provide missing high quality, double differential datasets and
smaller-scale experiments are already in preparation to further help with providing missing data. Though
substantial work remains, reliable and precise transport calculations of 4He ions in clinical quality are tangible
and will guarantee safe treatments in the near future.
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4. Modeling and Monte Carlo simulation of helium ion beam interactions with matter
Alfredo Ferrari1,2, Paola Sala3 and Andrea Mairani1,4,5
1
Heidelberg Ion-Beam Therapy Center (HIT), Department of Radiation Oncology, Heidelberg University
Hospital, Heidelberg, Germany
2
GWNUKorea, South Korea
3
INFN Sezione di Milano, Via Celoria 16, Milano 20133, Italy
4
National Centre of Tumor diseases (NCT), Heidelberg, Germany
5
National Centre of Oncological Hadrontherapy (CNAO), Medical Physics, Pavia, Italy
Status
The paucity of experimental data, as described in the previous section is a natural hindrance factor for the
development of accurate Monte Carlo modeling of 4He interactions in the human body. This applies particularly
to nuclear elastic and non-elastic interactions, where the peculiarity of 4He ions with respect to other nuclear
species is source of uncertainties, i.e. its small number of nucleons, very high binding energy and no excited
levels. These attributes make the models developed for heavy ion interactions inapplicable without speciﬁc
modiﬁcation for helium ions. Conversely, ionization and multiple scattering processes can be safely assumed to
be as well described as in the case of all other proton and ion beams.
Nevertheless, comparisons of FLUKA simulations with experimental data (Tessonnier et al 2017a, 2017c) on
dosimetric measurements in water show a remarkable level of agreement, within 2%–3% on all quantities except
some underestimation of tails in the lateral dose distributions. Nonetheless, in phase of FLUKA developments
for therapeutic helium ion beams, internal assessments ﬁnd that slight disagreement in the dose levels just before
the Bragg peak and model improvements are needed. That said, to our knowledge, there are no published works
which present predictions from other codes like PHITS and GEANT4 against experimental data for helium ion
beams.
Both discrepancies, despite small, require improvements in the nuclear interaction models for 4He.
Furthermore, a better understanding of nuclear interactions will improve the predictions on different
observables, such as the production of β+ emitters, or prompt photons, or far-reaching neutrons. In part,
experimental data is urgently needed on this subject, and data on elemental thin targets would be even more
valuable.
Current and future challenges
Besides electronic energy loss, helium ions in human body undergo elastic and non-elastic nuclear interactions,
most of them on hydrogen and oxygen nuclei. Elastic scattering on hydrogen is well described, in inverse
kinematic, by ﬁts to experimental data applying the nuclear-optical model (Votta et al 1974). An example is
shown in ﬁgure 6. This process is important mainly because of the production of recoiling protons. Elastic
scattering on heavier targets could impact the interpretation of experimental data.
Non-elastic interactions on hydrogen are a particular case of the description of proton interactions on nuclei.
However, 4He is a very peculiar nucleus, with a small number of nucleons, a very high binding energy and no
excited levels. Thus, standard models might fail in reproducing proton-alpha interactions. It is worthwhile to
mention that the neutron-proton asymmetry of the alpha-proton system favors the production of 3He, both
from fragmentation of the compound nucleus and from stripping of one neutron, with respect to 3H.
Non-elastic interactions of alpha particles on carbon, or oxygen, are generally treated in the framework of
intranuclear cascade plus pre-equilibrium codes (in codes like FLUKA (Battistoni et al 2016), GEANT4 (Allison
et al 2016), PHITS (Sato et al 2018)). Quantum molecular dynamics is also applicable, although not really suited
for such light systems.
The reliability of these models for 4He should be assessed through comparison with experimental data.
Unfortunately, available experimental data are limited, in some cases contradictory or not complete, and too
often on composite thick targets. Comparisons on neutron emission from thin targets (ﬁgure 6) show
satisfactory agreement except for forward-emitted neutrons.
Conversely to the hydrogen case, one is dealing here mostly with isospin symmetric systems. The Coulomb
barrier can be deemed negligible above a few tens of MeV nucleon−1. Therefore, the expectation is for symmetry
in the emission of 3He and 3H, as well as for p and n. It is difﬁcult to verify this assumption on recent data
concerning interactions in water phantoms, due to the coexistence of alpha-H and alpha-oxygen interactions.
Furthermore, at the same energy per nucleon, 3He ions experience four times larger energy losses with respect to
3
H, making any conclusion about their initial production spectra particularly hard.
Peripheral interactions can lead to target excitation and fragmentation, with angular deﬂection and energy
loss of the incoming 4He ion, but without projectile fragmentation. This leads to several consequences:
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Figure 6. Left: simulated (blue curve, FLUKA) and experimental (red dots) cross section for elastic scattering of protons on alphas at
85 MeV. Exp. Data from Votta1974. Right: neutron spectra at selected angular values from 4He interactions on carbon at 135 MeV
nucleon−1 (experimental data from Sato et al (2001)).

Figure 7. Left: Depth-dose distribution for a 182.5 Mev nucleon−1 4He beam in water, with ripple ﬁlter, full simulation of HIT setup.
Data from HIT (dots, private communication), line is FLUKA simulation (std=standard version, no reint.=without fragment
reinteraction) Right: ratio of depth-dose distributions with and without fragment reinteractions.

• All non-elastic cross section measurements for 4He on C and O are actually measurements of the projectile
fragmentation cross section. The actual non-elastic cross section is surely larger due to the contribution of
target excitation/fragmentation processes. Available Monte Carlo models vary wildly in predicting this
contribution, with estimations ranging from a few % to 20%. The actual value of the non-elastic cross section
has a direct inﬂuence effect on the height of the Bragg peak.
• Deﬂected 4He could be misinterpreted as 3He, see for example the details of the analysis in Horst et al (2017).
• High-LET target fragments are important for biological dose estimations.
• Target fragmentation is important for dose monitoring through prompt photons and β+ emitters.
To the knowledge of the authors, no experimental data is available about target excitation/fragmentation
with the 4He ion surviving. Re-interaction of fragmentation products plays a small role (see ﬁgure 7).
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Advances in science and technology to meet challenges
As discussed in the previous section, atomic processes and elastic scattering on hydrogen are well understood
and described. A better knowledge and modeling of elastic scattering on nuclei would be important. However
experimental data on 4He nuclear elastic scattering are sparse at energies of relevance for hadrontherapy. A few
examples for carbon and oxygen targets can be found in Chaumeaux et al (1976), Wiktor et al (1981), Michel et al
(1983), Wakasa et al (2007), Itoh et al (2011) and references therein. Theoretical approaches are usually based on
optical model calculations, however available optical models are usually reliable up to 200 MeV total kinetic
energy; also optical models tend to be less reliable for light nuclei. An alternative approach could be a low-energy
extension of the Glauber model. Additional data are needed in order to tailor the implementation of these
models.
Non-elastic interactions are where Monte Carlo codes still need to be validated and improved. The
Intranuclear Cascade and preequilibrium models that have proven to be reliable for heavier systems will undergo
modiﬁcations to consider the peculiarity of the helium ion system. To guide terse improvements, experimental
data on thin elemental targets is necessary. Moreover, thin target data should be as complete as possible, i.e.
include double differential measurements of both proton and neutron emission, as well as 3He and 3H emission,
so that isospin symmetry can be checked. Thick target experiments and experiments on water target are a
valuable check, but introduce too many variables to be the primary source of information.
Progress in knowledge will only proﬁt from a deeper collaboration between Monte Carlo developers and
experimentalists. Full simulation of experiments and raw data comparison with Monte Carlo could help in
disentangling processes and resolve ambiguities, such as the possible misidentiﬁcation of quasi-elastically
scattered helium ions. Comparing predictions of different Monte Carlo codes against experimental data is
warranted.
Concluding remarks
The description of 4He interactions in the human body in its present status allows to reproduce dose
distributions from therapeutic beams with a reasonable level of accuracy, better than a few percent on most
observables. Residual discrepancies need reﬁnement of already deployed models, in close collaboration with
experimental groups who are already planning a wealth of new measurements.
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5. Dose calculation development and treatment plan comparisons: preparations and
investigations towards optimal clinical practice with 4He
Hermann Fuchs and Dietmar Georg
Division of Medical Physics, Department of Radiation Oncology, Medical University of Vienna MedAustron
Ion Therapy Center, Wiener Neustadt, Austria
Status
Due to their physical and biological characteristics between proton and carbon ions, helium ions have great
potential for radiation oncology. After clinical studies have been conducted with helium ions during the
pioneering phase of particle therapy based on rather simple algorithms, their revival is conducted with
sophisticated dose calculation.
The higher mass of helium compared to protons reduces beam broadening by a factor of two and provides a
sharper Bragg peak, consequently enabling more conformal dose depositions. In addition, fragmentation effects
are less pronounced than for carbon, reducing unwanted dose after the target region.
Two major dose calculation methods are currently used in clinical practice, i.e. pencil beam (PB) algorithms
and Monte Carlo (MC) dose calculation engines. PB algorithms model the passage of particles through matter
via a semi-empirical approach on a per beam basis, enabling fast dose calculations. Typically, the beam shape is
determined by a superposition of beams, each modeling empirically different physical effects (see ﬁgure 8). Their
accuracy is good, unless used in overly complex heterogeneous geometries such as lung (Maes et al 2018). Due to
their calculation speed and reasonably high accuracy, they still remain the clinical workhorse in particle radiation
therapy.
MC based dose calculation engines on the other hand, model the passage of single particles through matter
based on physical models. Although being slower, MC dose engines provide increased accuracy compared to PB
algorithms also in the presence of heterogeneities (Maes et al 2018). Recently, MC based dose calculation engines
are becoming available for protons in clinical treatment planning systems. In clinical routine MC is used in
tandem with PB algorithms, using PB algorithms as fast dose calculation during optimization, while relying on
the increased accuracy of MC for ﬁnal dose computation. PB algorithms are still the main dose calculation
methods in clinical treatment planning systems for other ions, due to their more complex physical interactions.
PB algorithms, due to the semi-empirical approach, need to be speciﬁcally optimized for an ion species.
Using look-up tables, they can then be ﬁne-tuned to match the speciﬁc beam line. There is still research on
potential reﬁnements to increase accuracy ongoing, but overall PB algorithms have reached a mature state
(Inaniwa et al 2014, Maes et al 2018). In 2012 the ﬁrst dedicated helium ion PB was created which was later
included in a research treatment planning system (Fuchs et al 2012, Inaniwa et al 2016). Another established
research TPS was soon also adopted to allow dose calculation with helium ions (Fuchs et al 2015), shortly
followed by a Monte Carlo based TPS, which was also validated experimentally (Krämer et al 2016, Tessonnier
et al 2017c). Recently a GPU based Monte Carlo calculation platform became available (Mairani et al 2013).
After the calculation frameworks became available, ﬁrst treatment planning studies started (see ﬁgure 9)
(Fuchs et al 2015, Knäusl et al 2016, Mein et al 2018), paving the way for an in-depth validation and future
clinical application (Krämer et al 2016, Tessonnier et al 2018, Mein et al 2019b).
Current and future challenges
Although PB algorithms enable fast and reasonably precise dose calculations, MC codes provide more detailed
and comprehensive physics information, such as fragmentation data as well as linear energy transfer (LET)
values on voxel or sub-voxel basis. This is in turn necessary for predicting biological effects in clinical dose
calculation and/or for research purposes. Unfortunately, most currently available MC codes are extensive
multi-purpose codes (e.g. Geant4, FLUKA, PHITSK), which are too slow for clinical routine but provide
reference class quality.
Recently it was observed and described in several clinical proton papers, that higher dose averaged LET
values might lead to detectable changes in tissues (Tessonnier et al 2017a). The currently used single and constant
RBE value of 1.1 for protons is thus intensively discussed. Consequently, with the advent of readily available
helium ion beam therapy additional or at least revised concepts on RBE modelling for low LET particles need to
be established. In Europe synchrotron-based ion therapy facilities are commissioned for helium ion therapy and
research, and will provide research platforms for physics, biophysics and radiobiological research. It needs to be
underlined that high quality biological data require in the ﬁrst-place high quality macroscopic and microscopic
dosimetric quantities.
MR guidance paves the way for next level image guidance and real time adaptive radiotherapy (ART). A
necessary precursor is the development of fast dose calculation methods, where changes of patient anatomy need
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Figure 8. Beam proﬁle of a helium ion beam in water with an initial energy of 150 Mev A−1 at a depth of 10 cm. Calculated using the
Monte Carlo toolkit GATE. Different analytical functions are employed to match the proﬁle. Note that two Gaussians are not
sufﬁciently accurate at larger distances from the beam center.

Figure 9. Isodose distributions (left: protons, right: 4He) of a representative Neuroblastoma patient. Note the differences in beam
entrance and dose fall-off regions around the PTV between protons and helium ions. The red structure deﬁnes the PTV, while the
organs at risk liver and kidneys are indicated by the blue, brown and green structures.

to be incorporated into the treatment plan. Motivated by ART, more efﬁcient assurance and patient speciﬁc dose
veriﬁcation methods are currently being implemented for proton beam therapy, which need to be tackled for
helium ions in a similar manner. A related topic is the development of 3D accumulation, not only with respect to
dose, but also including other physical parameters, such as LET.
Existing treatment planning guidelines for protons will most likely need to be adapted for helium ions. The
most notable difference to protons will be the higher LET values and the presence of a fragmentation tail, e.g.
excess dose after the Bragg-peak. Although this dose contribution will be small compared to carbon ions, it will
nevertheless need to be accounted for. Taking advantage of MC supported dose calculation, LET driven rather
than dose-based optimisation is an important upcoming topic, with large potential for helium ions.
Finally, multi-particle treatments including helium will be enabled by synchrotron-based facilities, which
requires extensive further research and treatment planning comparisons, as this concept is rather in its infancy.
Advances in science and technology to meet challenges
To be able to complement the standard physics quantity absorbed dose, with parameters such as LET or
fragmentation speciﬁc data, PB algorithms need to be extended to provide the necessary data for RBE
calculation, as currently done for carbon ions.
Another and certainly more versatile solution is to develop MC codes for helium ions optimized for clinical
routine, such as the ones becoming available for protons. This is certainly feasible with the increasing amount of
calculation power of multi core CPUs and advanced GPUs. Such developments are currently ongoing for carbon
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ions. Increased effort must be invested to enable 3D data accumulation, which is not limited to dose and one
particle species.
One possibility to reduce the overall planning time would be the use of machine learning approaches. So far,
ﬁrst studies are focusing on predicting the optimal dose distribution without performing an optimization
procedure. A deliverable plan is then created by determining the required particle energies, spot positions, and
weighting, retrospectively but knowledge based. Especially the last step still involves conventional dose
calculation methods. Further improvements may be possible by also performing dose calculation itself by novel
machine learning approaches. So far only limited development was performed in this regime (Engeseth et al
2021).
With the advent of scanned beam delivery and thus more conformal treatment plans, patient and organ
motion become an even more important factor. The upcoming CT based but potentially also MR based in-room
imaging technology in particle therapy opens the gate for adaptive ion therapy approaches. Consequently,
efﬁcient patient speciﬁc quality assurance procedures need to be established, such as log-ﬁle based beam delivery
veriﬁcation that can be linked with independent dose calculation (Johnson et al 2019). Furthermore, fast dose
accumulation will be of utmost importance in an on-line adaptive setting (Nomura et al 2020). For all these
reasons pencil beam-based dose calculation is expected to remain as established dose calculation means for the
next decade, i.e. during the clinical exploration phase of helium ions.
For exploratory research and/or clinical implementation of methods that are already explored for proton
therapy, such as prompt gamma imaging for range veriﬁcation, Monte Carlo methods for dose calculation are
expected to dominate. Examples of special research topics that cannot proceed without MC are mini-beam
therapy, FLASH therapy, particle imaging or multi-particle treatments.
Concluding remarks
Helium ions, combining elements from protons and carbon ions, may provide a promising additional treatment
modality. However, before wider clinical exploration can take place, several development steps need to be
undertaken. Dose calculation is the hub for clinical and biological research; it is the Achilles heel in the context of
primary treatment planning and its role in secondary (patient speciﬁc) quality assurance procedures will
increase in the context of image guided adaptive ion therapy. European synchrotron-based ion beam facilities
will play leading roles in research endeavors for helium ion therapy, especially in experimental benchmarking
studies.
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6. Helium ion beams for imaging and treatment veriﬁcation techniques
Katia Parodi
Ludwig-Maximilians-Universität München, Germany
Status
Already in the pioneering phase of experimentation with energetic helium ion beams, ground-breaking studies
were carried out to illustrate the abilities of these beams for transmission tomographic imaging (Goitein 1972)
and visualization of the actual irradiation via tissue β+-activation (Maccabee et al 1969). However, the wider
availability of proton therapy facilities and the clinical interest in carbon ion radiation of higher linear energy
transfer (LET) slowed down for many decades the research activities around helium ion beams, with the
exception of dedicated low-energy applications of microbeams for radiation research (e.g. Randers-Pehrson et al
2001) and high-resolution microscopy (Joens et al 2013). Nevertheless, in the last one and a half decade the
renewed interest in transmission ion imaging, along with the preparatory work at few synchrotron-based
facilities toward clinical translation of helium ion beams, motivated a revival on applications of helium ions to
imaging and treatment veriﬁcation techniques. However, most of these studies either entirely relied on in-silico
computations, without the opportunity to benchmark the underlying beam model assumptions with
experimental data, or exploited instrumentation originally tailored to proton or carbon ion beams, thereby not
yet fully optimized for application to helium ions, as addressed in the following.
Current and future challenges
Helium ions for pre-treatment transmission imaging. The potential superiority of helium ions for transmission
imaging in comparison to protons and even heavier carbon ions was already postulated by Hansen et al (2014).
Their purely Monte Carlo simulation phantom study showed that at the same clinical dose level (evaluated via a
quality factor weighted computed tomography dose index) helium ions gave the best spatial resolution for
tomographic imaging with an ideal detector setup registering position and momentum of each ion before and
after the imaged object. This is because helium ions offer a very promising trade-off between reduced scattering
compared to protons, with still a sufﬁcient number of tracks compared to carbon ions at the same level of dose,
corresponding to a considerably different particle ﬂuence for different ion species. However, Hansen et al also
acknowledged that the minimum equivalent dose yielding an acceptable image quality in terms of stopping
power ratio (SPR) reconstruction accuracy was about ﬁve times larger for helium ions than for protons for their
considered imaged objects, when relying on a not yet validated Monte Carlo computational framework and
employing their weighted quality factor calculation. Similar ﬁndings were obtained by Meyer et al (2019), who
used an experimentally benchmarked Monte Carlo computational engine to generate ion computed
tomography (iCT) images of patients’ heads with beam scanning, again for an ideal single-particle tracking
detector setup, given then in input to a research treatment planning system for quantitative evaluation of the
implications on dose calculation (ﬁgure 10). For the sake of convenience, for particle transport in the patient
anatomy, the underlying patient x-ray CTs were imported in the Monte code and converted to the ground truth
SPR by forcing the code to follow a monotonic, bijective and error-free clinical-like HU-SPR conversion curve
(Meyer et al 2019). This way, the exact SPR distribution of the simulated patient anatomy in the Monte Carlo
code code is known, and the only remaining uncertainty originates from the energy dependency of SPR, which
can be considered negligible in the considered energy range (Meyer et al 2019). Moreover, their computational
framework integrated a mechanistic radiobiological model for quantifying the biological effectiveness (in terms
of cell death and DNA double-strand break induction as relevant biological endpoints) of iCT for protons,
helium and carbon ions relative to low-energy diagnostic x-rays, hereafter denoted as RBEX. For the considered
realistic clinical scenarios, helium CT showed the overall lowest error in SPR reconstruction at the same physical
imaging dose, while only a ∼3%–5% increase of RBEX in comparison to the proton case, however remaining still
well below the value of 1, thus suggesting a lower risk compared to low-energy diagnostic x-rays. However, also
this study acknowledged the need for radiobiological experiments to understand the effects of low-dose imaging
and the postulated lower risk of iCT compared to currently used x-ray spectra for frequent imaging in treatment
planning and adaptive therapy. Experimental conﬁrmation of the superior spatial resolution of 4He ions
compared to protons for radiographic imaging, without disadvantages in terms of contrast-to-noise-ratio at the
same dose level, was shown by Gehrke et al (2018). Their dedicated setup featured a small-scale, single-particle
tracking system consisting of ﬁve parallel Timepix detectors of small (14 mm×14 mm) sensitive area, with two
pairs acting as trackers before/after the object followed by an energy loss detector. The ﬁndings of this
comprehensive study are in line with the ﬁrst results obtained with larger imaging prototypes, including a singleparticle tracking system optimized for proton tomography (Volz et al 2017) and, to some extent, an integrating
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Figure 10. Top: Comparison of reconstructions of simulated proton, helium and carbon iCTs against the reference ground truth SPR
image used in the Monte Carlo calculations. The insets enable to appreciate the different image quality in highly heterogenous regions
(Courtesy of S. Meyer). Bottom: Beam’s-eye view water-equivalent proton range variations for treatment recalculation based on the
SPR distributions coming from the different iCTs of the upper panel and randomly sampled errors according to known SPR
uncertainties of x-ray CT, with respect to the optimized dose of the reference plan obtained on the ground truth SPR image. The left
column shows the 80% isodose contours overlaid with the ground truth radiographies for illustrating the considered indications.
Taken from Meyer et al (2019).

range telescope tailored to carbon ion imaging (Kopp et al 2020b), thus motivating optimization of large scale
setups for helium ion imaging.
Helium ions for treatment veriﬁcation. The currently mostly investigated methods for in-vivo range veriﬁcation
rely on the detection of energetic photons produced either as a consequence of the transient β+-activation of
patient tissue, ﬁrst studied by Maccabee et al (1969) for 4He ion irradiation, or as fast de-excitation of nuclei
excited in nuclear reactions, as ﬁrst measured by Min et al (2006) for proton irradiation. Hence, already during
the preparatory phase at GSI Darmstadt toward helium ion clinical translation in Heidelberg, characterization of
positron emitter yields in different phantoms of known composition was carried out with the dedicated in-beam
positron emission tomography (PET) scanner, however back then focusing on 3He ions (Fiedler et al 2006) (see
section 2 on facility start-up). More recent experimental studies were performed at a commercial PET/CT
scanner after 4He ion irradiation at the Heidelberg Ion Beam Therapy center (ﬁgure 11), to compare the absolute
production yield and activity spatial distribution for different ion species (Bauer et al 2019). Despite the
improved quantiﬁcation accuracy and different helium isotope used in the latter campaign, the results
consistently showed the potential but also the challenges of PET veriﬁcation for helium ion beams. Such
challenges are mainly due to reduced amount of formed β+-activity per given dose from the lower particle
ﬂuence and less straightforward correlation of activity fall-off with range because of a tail of target activation
from long ranging projectile fragments compared to protons, along with the lack of peaked activity signal close
to the Bragg peak compared to carbon ions. Moreover, comparisons with predictions of general-purpose Monte
Carlo codes highlighted the challenges to properly reproduce the details of the nuclear reaction channels leading
to β+-activation, even when being able to capture the general shape of the dose distribution and of the secondary
heavy charged particle spectra (Rohling et al 2013). Similar challenges are also expected for helium ion range
monitoring based on the detection of so-called prompt gamma (PG), despite the ﬁrst encouraging experimental
studies and extrapolations to clinical use reported by Mattei et al (2017). Relevant questions yet to be fully
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Figure 11. Radionuclide-speciﬁc production yield per 106 primary beam particles as a function of phantom penetration depth, as
estimated from a mathematical model and dynamic analysis of PET/CT acquired data after 176.68 MeV/u helium ion irradiation of
PMMA (left) and gelatine (right), according to Bauer et al (2019). The beam range is expected at 181 mm (left) and 209 mm (right).

answered include the amount of PG signal for a given dose, expected to be lower than for protons, its correlation
with the beam range, considering the background signal produced by secondaries even beyond the Bragg peak,
and the ability of nuclear reaction models to correctly reproduce all such emissions in available computational
engines.
Advances in science and technology to meet challenges
Helium ions for pre- and even in-treatment transmission imaging. The major challenge for application of proton
imaging prototypes to helium ions is the production of light projectile fragments in the object and the detector,
which leads to a mixing of information (e.g. from 3He fragments exhibiting a similar energy loss as the primaries)
that needs being disentangled for proper interpretation of the imaging data. However, it has been already shown
for an advanced proton computed tomography scanner that such events can be effectively eliminated by
applying custom-made ﬁlters optimized on the basis of extensive simulation studies, making full use of the
measured signal for each individual event (Volz et al 2018). Although the proposed solution was especially
tailored to the multistage energy detector of the considered scanner, adapted to function as a ΔE − E telescope, it
points to the relevant considerations to be made when designing dedicated imaging setups, particularly the
energy detector, for helium ions. In such dedicated systems, projectile fragmentation in the detector itself should
be also minimized to prevent the loss of usable events, which would in turn increase the required imaging dose
for a certain image quality. To this end, reliable and well-benchmarked Monte Carlo codes will be needed to
study the impact of nuclear fragmentation in different materials and optimize the detector design along with the
data processing for optimal imaging. For reliable considerations on imaging dose, more radiobiological data will
be indispensable to better understand the effects and associated risks of low-dose irradiation of energetic (i.e. low
LET) ions, to open the prospects of frequent and safe use of helium ion transmission imaging. Additional dose
reduction possibilities could be achieved based on the recently proposed scheme of ﬂuence ﬁeld modulated
imaging (Dickmann et al 2020), successfully demonstrated for scanned proton beams acquired with the same
above-mentioned advanced proton CT scanner already tested in helium ion beams. The superior spatial
resolution at similar SPR accuracy of helium compared to proton imaging, along with the more promising SPR
accuracy compared to x-rays (and even to carbon ions at the same imaging dose), may open very interesting
prospects not only for providing the initial patient model for accurate treatment planning, but also for frequent
in-room imaging for adaptive therapy. In particular, given the approximate independence of the SPR for
different therapeutic ion species, helium ion imaging could become the imaging modality of choice at
synchrotron-based facilities providing a large variety of therapeutic ion species. Here, both tomographic and
radiographic helium ion imaging could be exploited to substitute or complement the widely established x-ray
modalities of treatment planning diagnostic CT imaging and in-room cone beam CT acquisitions. Depending
on ﬁeld size and acquisition speed, especially the radiographic mode could enable fast imaging of regions of
interest, e.g. to track uncertainties of integral SPR in moving anatomies by requesting for short periods of time
energetic transmitted helium ions in-between the therapeutic beam delivery. This approach could even beneﬁt
from the intriguing possibility of mixing a small amount of helium ions with a therapeutic carbon ion beam. As
experimentally shown (still in sequential irradiation mode) in Volz et al (2020), this recently revived old idea
could open the prospects of detecting online changes in the treated anatomy with a very minor increase of the
dose delivered to the patient, being most of the low-fraction (ca. 1:10 ratio) helium ion beam stopped in a
detector outside the patient.
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Helium ions for treatment veriﬁcation. Although the ideal treatment monitoring approach for helium ions still
remains to be assessed, it can be anticipated that detector solutions tailored to PET and PG imaging of proton (as
well as carbon ion) beams will likely work also for helium ions. The issue of decreased counting statistics for the
same therapeutic dose in comparison to protons could be mitigated with recently proposed strategies, which
already in the planning process boost the number of ions to be delivered to selected spots for reliable range
veriﬁcation of a few beam locations at the beginning of the treatment session (Tian et al 2020). Moreover, new
detector technologies able to exploit both PET and PG signatures during the beam-on time and from the decay
of pure β+-emitters as well as triple γ-PET events in the pauses of synchrotron beam delivery have been recently
proposed and are currently under development. In this context, also more recently proposed approaches of
‘real-time PET’, i.e. PET imaging of produced ms-short-lived emitters (Ozoemelam et al 2020) or PG
spectroscopy for tracking variations in elemental compositions as surrogate of treatment response (e.g. in
relation to hypoxia, Martins et al (2020)) should be considered. Development of dedicated single- or multimodal detector technologies will have to be accompanied by extensive experimental campaigns to enable
validation of computational approaches based e.g. on Monte Carlo, for correct modelling of the dosimetrically
less relevant nuclear reaction channels underlying the production of the PET and PG signals along with their
relevant features. Moreover, both experimental and simulated data will be essential to further develop PET and
PG data analysis tools, primarily explored in the context of proton therapy monitoring, to infer reliable range
information, despite the increased background signal originating from long ranging secondary fragments. The
latter increased production of projectile fragments might also open the prospects of additional monitoring
techniques based on the detection of charged secondary emissions (e.g. protons), for which initial basic
investigations have been already carried out with helium ions (Rucinski et al (2018)) and a ﬁrst prototype system
is starting clinical evaluation for irradiation with proton and carbon ion beams at the Centro Nazionale
Adroterapia Oncologica in Italy. Depending on the accelerator technology and beam pulsing structure,
additional methods currently under vivid investigation like ionoacoustics could become also of relevance for
helium ion beams, owing to their favourably sharper Bragg peak (both in the longitudinal and lateral direction)
and elevated energy loss compared to protons, which may thus enhance the instantaneous energy density
deposition and associated thermoacoustic emissions.
Concluding remarks
Although only a couple of facilities equipped with powerful synchrotron accelerators are currently able to
provide helium ions in the clinically relevant energy range, the topic is attracting more and more attention in the
community, where helium ions are often perceived as a potential candidate to replace on the long run the lighter
protons. Considering the prospects of additional small footprint accelerator technologies able to provide
energetic helium ion beams, it can be foreseen that their very attractive features for transmission imaging, where
they are anticipated to outperform protons and carbon ions, will further motivate the ongoing developments
toward clinical translation of helium ion therapy. In this context, also unconventional solutions of mixed ion
beams for simultaneous imaging and therapy, or for a wider degree of freedom in LET/RBE modulation, are
expected to receive increasing interest. And while the situation for in-vivo range monitoring might be less
advantageous than for clinically established ions, there are no apparent showstoppers on the translation of range
veriﬁcation technologies largely explored in the context of proton and carbon ion therapy, such as PET and PG,
to helium ion beams. Here, other emerging techniques should also be carefully evaluated, as they might even
result more suitable for helium ion beams than for protons, e.g. due to the penetrating light fragment
production for secondary charged particle detection and the locally more concentrated pencil beam dose
deposition for ionoacoustics. In all cases, despite the possibility to adapt systems initially conceived for the
lighter protons, it will be very beneﬁcial to devise detector solutions speciﬁcally tailored to applications with
helium ion beams. Moreover, extensive experimental campaigns at the accessible beams will be urgently needed
to support the reﬁnement of helium ion transport and interaction models, particularly in terms of nuclear
interactions, for providing reliable computational engines to guide the above-mentioned detector optimizations
and the proper development of data processing pipelines for the envisioned application. Finally, to enable full
exploitation of the image guidance opportunities offered by helium ions, deeper understanding of the biological
implications and risks of low-dose, high-energy transmission irradiation will be required, thus calling for
complex biological experiments again complemented by the development of appropriate computational
models.
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Part B: Biology

7. Key experiments and foundations for benchmarking a helium ion therapy program
Eleanor A Blakely
Lawrence Berkeley National Laboratory, Berkeley, CA, United States of America
Status
Current interest in rekindling the use of helium-ion beam radiotherapy for noninvasively targeting cancer or
other disease has sparked critical re-evaluations of what is actually known about the effects of accelerated helium
ions that were successfully used for radiosurgery, as determined by long-term follow-ups of only 2045 patients in
Berkeley, California between 1957 and 1992. After more than 4-decades of emphasis on protons and carbon ions
world-wide, helium ions have basically been overlooked as a particle modality for the future. However, that is
changing now, spearheaded by international reports of helium-ion preclinical treatment planning physics
(Zhang et al 2010, Mein et al 2018, Volz et al 2018), imaging (Martisikova et al 2018); radiobiology (Chapman
et al 1977, Raju 1980, Blakely et al 1984, Dokic et al 2016, Chew et al 2019), and theoretical modelling of
biological effects (Leith et al 1983, Tsai et al 2015, Kramer et al 2016, Friedland et al 2017, Inaniwa and
Kanematsu 2018, Tessonnier et al 2018, Mein et al 2019b). It is now essential that we deﬁne what key
experiments and foundations are still required to benchmark a roadmap to a new helium-ion therapy program.
Historically, the 184’ cyclotron at the University of California, Berkeley/Lawrence Radiation Laboratory was
completed by Ernest Orlando Lawrence in 1947 to accelerate protons, deuterons, and helium ions (Brobeck et al
1947). An upgrade to convert the cyclotron to a synchrocyclotron in 1954 permitted the acceleration of up to 230
MeV/u alpha particles for preclinical research by Tobias et al (1952) on the effects of helium ion beams on the
brains of rodents. John Lawrence had previously reported on the effects of 180 kV x-rays on the pituitaries of
several animal species (Lawrence et al 1937) before he began his medical studies treating acromegaly and other
disorders of the human pituitary (Linfoot et al 1963, Lawrence et al 1964).
Long-term follow-ups of up to 20 years for helium patients treated for acromegaly (Levy et al 1991),
intracranial arteriovenous malformations (AVM) (Steinberg et al 1990, Phillips et al 1991), and uveal melanoma
(Saunders et al 1985, Linstadt et al 1990, Char et al 1993, Castro et al 1997, Mishra et al 2015) have now
established the long-term success of helium radiotherapy for radiosurgery in the cranium. However, at the time
these studies were conducted, clinical particle research interest became quickly focused on the ‘heavier’ higher
atomic number ions with the demonstration of much greater enhanced biological effectiveness. In fact, helium
ions became the ‘control’, low ionization density radiation reference modality for the pioneering heavy charged
particle clinical studies of Castro et al (1982, 1985, 1989).
The high-energy entrance helium beam is similar in biological effectiveness to reference electrons, x-rays or
protons but scatters dose less laterally. The dosimetry of helium ion beams allowed simpliﬁed dose comparisons
and facilitated treatment planning and pilot studies with the heavier ions. Not to be overlooked however, the
biological effect of helium ions at the Bragg peak is similar to that of the entrance channel of ion beams of higher
atomic number and energy (see comparison of Table 5-1 and ﬁgures 6–16 in Tessonnier et al (2018)). The
clinical safety helium may afford pediatric patients, or adult tumors adjacent to sensitive organs at risk has been
heavily weighted in the decision radiation oncologists must make selecting which radiation in their tool-box is
most appropriate for an individual to spare the patient normal tissue toxicities. As a consequence of the focus on
protons and heavy ions, the helium-ion ﬁeld and database are currently understudied and are experiencing a
resurgence in interest as an acceptable alternative treatment option. This endeavor will require an international
effort to effectively conﬁrm that stopping helium ions in the distal Bragg peak pack enough ‘intermediate’ highLET punch to eradicate resistant tumors, or to trigger immune responses to eliminate microscopic disease.
Current and future challenges
The most signiﬁcant research challenges for acquiring additional in vitro and in vivo radiobiological information
on the effects of helium ion beams are access to beam time among the few facilities capable of providing these
beams without competing with the ongoing clinical programs, and the resources required (including well
trained staff) to complete the detailed protocols. The existing helium-ion physics, biology and 20 year clinical
follow-up data from Berkeley may help guide the experimental design and establishment of upcoming and
future clinical trials (Blakely 2020).
Early studies at Berkeley were focused on comparing the quantitative and qualitative features of particle
beam modalities. Figure 12 presents a vector representation of low- and high-LET radiation therapy modalities
plotting published in vitro radiobiology data for oxygen Gain Factor (OGF=the ratio of the OER obtained with
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Figure 12. Composite vector representation of low-LET and high-LET particle therapy modalities for treatment of a small, shallow
ﬁeld (upper panel) and a large, deep ﬁeld (lower panel). Reprinted from Blakely et al (1984) with permission from Elsevier.

the reference low-LET source to the OER of the test radiation modality), versus the ratio of the Biologically
Effective Dose (BED) in the Bragg peak to that in the plateau. Comparisons of OGF values eliminate differences
in the efﬁciency of oxygen removal between experimental techniques. The most therapeutically advantageous
positions on the Figure are located closer to the upper right quadrant. The data indicate that for smaller, shallow
target volumes, carbon is superior. For larger, deeper tumors, the 187 MeV proton beam, and the 225 MeV/u
helium beams are quite similar.
Some of the questions which are pertinent to helium ions, and even all high-LET ions include: Why do two
particle beams of different atomic numbers with the same ionization density or LET, show different biological
effectiveness for the same biological endpoint, and even more differences for different tissue endpoints?Are
there differences in clustered DNA damage and tissue radiation repair processes and immune responses in
laboratory experimental model systems compared to human systems that might contribute to unexpected
clinical outcomes based on treatment planning with only experimental data from the model systems?What is
the role of tissue-dependent stem cell radiosensitivity?Why do three different human glioblastoma cell lines
demonstrate different biological effectiveness in their LET response?Why is hypofractionation of high-LET
particle beams with larger dose/fraction and lower RBE so beneﬁcial?Once these and other issues are answered,
it will be more straightforward to choose the beams most pertinent to assuring the goal of tumor eradication
without collateral damage to surrounding normal tissues. The current task at hand is to decide which
experiments must be accomplished with an appropriate number of replicates to answer the questions with
statistical signiﬁcance, despite the inherent biological variabilities between individuals. It may be that treatment
plans involving more than one ion will be the most optimal.
Advances in science and technology to meet challenges
To meet the challenge of broadening the use of helium-ion radiotherapy, future research is required to elucidate
more explicit information about the cell type-, tissue-, and species- speciﬁcity of the radiosensitivity, and their
dependences on the ion beam, energy, dose fraction, total dose, dose rate and LET (for example see recent papers
by Beyreuther et al (2019) and Suckert et al (2021), which describe modern approaches to these important
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challenges (Beyreuther et al 2019, Suckert et al 2021)). Automation of the analysis of experimental assays and
endpoints would also be useful to accomplish faster through-put of data.
Concluding remarks
Helium-ion radiotherapy has many potential advantages as one of the most conservative particle beams, and yet
effective tools in the arsenal of the radiation oncologist. To effectively make use of helium ions for human
therapies it is important, even critical to expand what is known about the ion beam energy-, dose-, dosefractionation- and dose-rate-dependent effects of helium ion beams in the entrance and spread-out Bragg peak
on various normal human and animal tissues and tumour targets. This will require an expansion of both in vitro
and in vivo experiments, with selected model systems and acute and late-appearing endpoints including
evaluation of the risk of second cancers, as well as theoretical modelling to inform clinicians and treatment
planning physicists of the potential range of biological variability of the response to helium ion beams.
Fortunately, some of this outstanding work is already ongoing at the few international facilities with access to
helium ion beams, and by some of the authors contributing to this roadmap.
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8. Radiobiological phenomena of helium ions: fundamentals, features, and clinical
potential
Marco Durante
GSI Helmholtzzentrum für Schwerionenforschung, Darmstadt, Germany
Technische Universität Darmstadt, Institut für Physik Kondensierter Materie, Darmstadt, Germany
Status
Radiobiology of low-energy He-ions has been studied for about a century. In fact, α-particles sources were easily
available and were largely used to measure the response of simple biological targets (Lea 1947). The literature on
biological effects of α-particles is therefore enormous. Decades of experiments have convincingly demonstrated
that α-particles are among the most effective radiation types in the induction of early and late biological effects.
However, α-particles have an energy around 1.3 MeV/u, and therefore represent only the ﬁnal microns of the
path in tissue of a typical therapeutic beam that is accelerated up to around 250 MeV/u. Moreover, most studies
are conﬁned to relatively low doses, because they are relevant for radiation protection (exposure to radon and its
progeny), while for radiotherapy the relative biological effectiveness (RBE) at high doses is necessary. In ﬁgure 13
we have summarized the in vitro RBE data for cell killing of 3He- and 4He-ions available in the literature, using
the PIDE database developed at GSI (Friedrich et al 2013). The RBE is calculated at 10% survival (RBE10). The
data for radiosensitive cells (α/β > 10 Gy) are plotted separately from radioresistant cells (α/β < 10 Gy) as a
function of the particle LET. The results show that, similarly to the studies at low doses, the RBE can reach very
high values in the α-particle range (80–200 keV μm−1), especially for tissues with low α/β ratio. However, at
higher energies (lower LET) the RBE10 is generally <2.
From the radiobiology point of view, He-ions at therapeutic energy are therefore intermediate between
protons (Tommasino and Durante 2015) and C-ions (Tinganelli and Durante 2020), the only two ions currently
used in clinical practice. This should apply not only the RBE for cell killing but to the other radiobiological
properties as well, such as oxygen enhancement ratio (OER), dependence on fractionation, cell-cycle stage etc.
Current and future challenges
Currently treatment planning in particle therapy takes little into account radiobiology. Only the RBE is included.
For protons, tumors are exposed to a constant dose calculated as D(Gy)xRBE, using a constant RBE=1.1 along
the spread-out-Bragg-peak (SOBP) (Paganetti et al 2019). For 12C-ions, the variation of the RBE along the SOBP
is taken into account modifying the physical dose with appropriate RBE models to achieve a uniform RBEweighted dose in the target volume (ICRU Report 93 2016). The use of a constant RBE in proton therapy is
generally acknowledged to be a rough approximation, because it is well known that low-energy protons have an
RBE higher than 1.1 (Wedenberg et al 2013), actually even higher than He-ions at the same LET values
(Goodhead et al 1992). A constant RBE approximation may be even more problematic, considering that at the
distal edge of the SOBP the energies are those of α-particles. This can be an advantage even compared to C-ions,
where at the distal SOBP edge the LET is so high to enter in an overkill region, whilst for He it will reach the
maximum radiobiological effectiveness. For the radiobiology of helium ions in therapy the challenges will be to:
(a) develop a good RBE model;
(b) develop appropriate normal tissue complication (NTCP) models, possibly including radiogenomics data;
(c) verify the OER of the He-beams;
(d) study the combination of helium with targeted therapy and immunotherapy;
(e) optimize the LET distribution of helium in beam delivery.
About the point (a), it has been already shown that TRiP98 (Grün et al 2015), the treatment planning system
used in Europe for C-ion therapy, shows a good agreement with the experimental in vitro cell survival data along
the SOBP (Krämer et al 2016) (ﬁgure 14). The stochastic microdosimetric kinetic (SMK) model (Inaniwa and
Kanematsu 2018), a modiﬁed version of the microdosimetric kinetic model (MKM) used for C-ion therapy in
Japan (Inaniwa et al 2010), also carefully reproduce in vitro experimental survival data after exposure to He-ions
(Inaniwa et al 2020). Therefore, RBE modelling frameworks for He-ions with reasonable accuracy are already
available. The other points mentioned above are more challenging and require more research.
Advances in science and technology to meet challenges
As noted above, the assessment of the biological effectiveness of He-ions can be done quite safely with the
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Figure 13. RBE calculated at 10% survival for cells irradiated in vitro with He-ions at different LET. Upper panel, radioresistant (a/
b < 10 Gy) cells; lower panel, radiosensitive (a/b > 10 Gy) cells. Same scale is used to ease comparison of the plots. Experimental data
extracted from the PIDE database, available online at www.gsi.de/bio-pide.

Figure 14. Depth proﬁles for the biological veriﬁcation of a 4He-ion beam accelerated at HIT (Heidelberg) using a Chinese hamster
ovary (CHO) cell phantom. The target volume is cantered at 82 mm depth, and covers a depth range of 40 mm. (a) Calculated
absorbed dose, RBE-weighted dose, RBE, and dose-averaged LET depth proﬁle. The symbols represent absorbed dose measurements
performed with a set of 24 pin-point ionization chambers. (b) Depth survival proﬁle of CHO cells in the phantom. Circles are
clonogenic survival measurements and standard errors from two different experiments. The two curves are predictions of the LEM
model using different a/b ratios of the reference radiation. Plot from Krämer et al (2016), reproduced with permission of the American
Association of Physicists in Medicine and John Wiley & sons Ltd under creative commons attribution license (CCBY 4.0).
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current models already used on C-ion therapy. The main issue with He-ions will be to assess their biological
properties beyond the RBE, a modern issue shared with particle therapy using other ions (Tommasino and
Durante 2015, Tinganelli and Durante 2020). A second challenge will be to test whether the approach of a
uniform RBE-weighted dose (ﬁgure 14), currently used in C-ion therapy, is the best choice for He-ion therapy.
In fact, a constant target dose is not necessary in modern radiotherapy. Many protocols with stereotactic body
radiotherapy (SBRT) result in a strong overdosage in the target center, and some clinical studies are using partialtumor irradiation (Tubin et al 2020). A recent retrospective analysis on the C-ion treatment plans at NIRS
suggest that the LET is positively associated to local control of pancreas tumors. In particular, patients with
higher minimum dose-averaged LET values in the gross tumor volume had lower probability of local failure
compared to those with minimum LET values below 40 keV μm−1 (Hagiwara et al 2020). Considering that Bragg
peak He-ions have LET around the maximum effectiveness (ﬁgure 13), characteristic of α-particles, we may lose
biological advantages of He-ion therapy using a constant dose rather than a high-LET all over the target volume.
Concluding remarks
Radiobiology of low-energy He-ions is very well known, and it has been shown many times that α-particles are
the most effective natural radiation in causing biological effects. At high, therapeutic energies, it is expected that
He-ions will have biological properties somewhere in between protons and carbon ions. However, unlike
protons, He-ions can reach signiﬁcantly high-LET values; and, unlike C-ions, the distal part of the SOBP is not
reaching LET values in the overkill region. In other words, the He-ions Bragg peak is somewhat ideal to exploit
high-LET radiobiology. This will require a different concept of beam delivery, aiming to increase the doseaveraged LET and dropping the dogma of a uniform RBE-weighted dose along the SOBP. Current models used
in C-ion therapy seem to accurately describe the RBE of therapeutic beams of He-ions, within the high biological
uncertainties. Far less is known about other radiobiological properties such as OER, effects in the
microenvironment, fractionation dependence, and interaction with drugs such as those used in targeted therapy
or immunotherapy.
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9. In vitro and in vivo biological readouts and indications for guiding clinical practice with
helium ions
Christian P Karger
Department of Medical Physics in Radiation Oncology, German Cancer Research Center (DKFZ), Heidelberg,
Germany
Status
As discussed in the previous sections, clinical experience with helium ions has been gained at LBNL in 2054
patients (www.ptcog.ch) and promising results have been obtained for some indications (Castro et al 1994) (see
section 7 on LBNL experience). Similar to other ions, dose prescription in helium ion treatments requires
assumptions about the RBE and at LBNL, the applied RBE was 1.3 for most tissues and 1.6 for tissues of the late
responding central nervous system (Castro et al 1994). During the LBNL project, RBE-measurements for helium
ions have been performed in various cell lines (Blakely et al 1984), mammary and rhabdomyosarcoma tumor
models (Phillips et al 1977, 1982), normal tissues such as skin and spinal cord (Leith et al 1977), intestinal crypt
cells, testis and for various endpoints in other in vivo systems (Phillips et al 1982).
Due to the shutdown of the accelerators, clinical studies at LBNL had to be terminated. However, ion beam
radiotherapy accompanied by radiobiological studies were pursued at various other institutions focusing on
protons as low- and carbon ions as high-LET radiation modality. Since then, a large number of in vitro and
in vivo studies have been published for these ions. With increasing clinical experience, however, the question
initially addressed at LBNL, which ion is best for radiotherapy, was raised again and the Heidelberg Ion Beam
Therapy Center (HIT) was explicitly designed to investigate different ion beams including helium (Tessonnier
et al 2017a). In addition, HIT and the National Center of Radiological Sciences (NIRS) investigated the
possibility of multi-ion irradiations including helium beams (Inaniwa et al 2020, Kopp et al 2020c) and also
other researchers are exploring helium ions (Guan et al 2018). Especially the improved treatment planning and
beam delivery techniques are considered as a possibility to improve the early results from LBNL. Addressing the
renewed interest in helium ions, systematic RBE-measurements in cell lines and comparison with model
predictions have been performed at HIT (Mairani et al 2016a, Inaniwa et al 2020). In addition, radiation response
studies in the rat spinal cord were extended to helium (Hintz et al 2022). In spite of these preparatory
experiments, the available experimental data and the attempts to validate the RBE-models are still very limited.
To better understand the biological effectiveness of helium ions, additional preclinical studies especially in
normal tissues and tumors are required.
Current and future challenges
Although some clinical experience as well as experimental data are available, there are still a number of
limitations posing challenges for clinical use of helium ions:
(i) Previous clinical and experimental data at LBNL have been obtained with passively modulated beams
while contemporary facilities use beam scanning. This may alter beam quality and introduce uncertainties
in the transfer of biological data.
(ii) As the experiments at LBNL were not designed to benchmark RBE-models, which were not available at
this time, relevant input parameters such as the ﬂuence distribution of primary and secondary particles
are not available. The data from LBNL are therefore not suited for retrospective RBE-calculations and
testing of current RBE-models.
(iii) Since the early experiments focused on the comparison of different ion types using single representative
positions in the plateau and SOBP, systematic studies of the RBE-dependence on treatment parameters
like LET and doses are lacking. These data, however, are important to empirically optimize treatment
schedules as well as for comparisons with model predictions.
(iv) While some peak-to-plateau ratios for RBEs (and OERs for tumors) were measured at LBNL, these
studies focused on heavier ions such as carbon, neon and argon rather than helium and the differential
biological effectiveness between tumors and normal tissues has only rarely been addressed.
(v) Naturally, the early data do not reﬂect recent advances in experimental in vitro and in vivo models,
dosimetry, treatment planning, RBE-modeling and beam delivery as well as in molecular biological
analysis methods.
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Recent technical advancements allow for a better planning of the experiments and a more accurate delivery
of absorbed dose and the obtained results can also be closer connected with treatment planning and RBEmodeling procedures. In contrast to the early studies at LBNL, new and well-designed studies with helium ions
especially enable for developing and testing of RBE-models, for prescribing the RBE-weighted dose more
accurately and in the long term also to improve TCP/NTCP calculations, the latter being still an important
research topic also for other ions. With the new studies, a comprehensive data basis for the effectiveness of
helium ions has to be established covering the range of all relevant treatment parameters, different cell lines as
well as normal tissue and tumor models similar to the efforts that have been and are still being taken for protons
(see section 11 on proton RBE) and carbon ions (Paganetti 2014, Karger and Peschke 2017).
While in vitro and normal tissue data may be used to benchmark RBE-models, data from experimental
tumors may serve to identify tumor-associated factors that impact the RBE, but which are not considered in
RBE-models. Important examples are tumor hypoxia or radioresistant cellular subpopulations, which both may
compromise tumor control. A better understanding of these factors may help to determine patient eligibility for
helium treatments relative to established clinical indications for carbon ions or protons, or even to improve
RBE-models by including these parameters. With this respect, the existing data from LBNL may be used as
valuable guidance for the experimental design as well as for dose ﬁnding.
Advances in science and technology to meet challenges
Given the goal of clinical introduction of helium ions and the present limitations of the available radiobiological
data, research on the biological effectiveness of helium ions needs to be strengthened and intensiﬁed. To
promote this process, several organizational, technical as well as scientiﬁc challenges have to be met. As the
required amount of radiobiological data is largely independent of the number of institutions that plan to use
helium ions, the availability of sufﬁcient facilities providing helium ion beams is important. These helium beams
have to be commissioned at least in terms of beam delivery, dosimetry and physical treatment planning (see
sections 3, 4 and 5) to enable accurate dose delivery in radiobiological studies. In addition, equipment for
accurate and efﬁcient positioning of cellular samples and animals is required. For high-throughput cell
experiments, a dedicated robot is advantageous (Burnet et al 2020). As radiobiological studies are usually
performed by specialized experimenters, helium facilities should provide access to external researchers and
support their experiments logistically by lab space or animal housing, dosimetry as well as planning and
execution of the experiments. For comparison of measurements with model-based RBE-values (see section 10
on RBE modeling), the spectral ﬂuence of primary and secondary particles (see section 3 on physics
measurements and section 6 on helium ion imaging) has to be provided in a readable format. Regarding the type
of experiments, it is most important that studies are performed in a systematic way to cover especially the clinical
range of the LET- and dose-dependence of the RBE. The aim should be to build-up a comprehensive and
consistent dataset. To reﬂect also the dependence on biological factors, different cell-lines should be employed.
As in vitro experiments reﬂect the radiation response only under rather artiﬁcial conditions, neglecting the
interaction of different cell types in real tissue, supplementing dose response experiments in early- and latereacting normal tissues are indispensable. Both types of experiments are necessary to determine the main
dependencies of the RBE as well as to benchmark model predictions. Besides this, experiments in tumor models
are required to assess the expected clinical efﬁciency of helium ions and to stratify patients with different tumors
to treatments with different ion beams. While only the very early experimental tumor studies from LBNL are
available for helium (Phillips et al 1977, 1982), the response of different prostate tumor sublines has been
systematically investigated after single and fractionated carbon ion doses (Glowa et al 2021). Further tumor
studies are required for all ion species including helium. In this context, also OER-measurements are of high
clinical importance. Ideally, the design of these experiments will be the same as for previous and upcoming
experiments with carbon ions to allow direct comparisons. Finally, combination of normal tissue and tumor
data should allow analyzing the differential RBE between both tissue types.
Concluding remarks
Since early patient treatments and radiobiological studies at LBNL, treatment planning and delivery techniques,
dosimetry and RBE-models for helium ions have advanced signiﬁcantly. Re-establishing helium irradiation
nowadays in patients requires a comprehensive RBE dataset as a function of LET and dose in different cell lines
as well as in different normal tissue and tumor models. Besides availability of facilities with commissioned
helium beams, this requires access as well as logistic and scientiﬁc support of external experimenters to carry out
experiments. Measurements should allow a characterization of the RBE-dependencies, comparison with model
predictions and assessment of tumor response and its dependence on biological parameters. The acquired data
will help to establish the model-based RBE-depth proﬁle and to estimate the prescribed dose level for patient
treatments. Altogether, this will improve our knowledge on the biological effectiveness of helium in comparison
to carbon ions and protons.
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10. Effective dose and RBE modelling for helium-ion radiotherapy treatment planning:
progress and recommendations
Taku Inaniwa
Department of Accelerator and Medical Physics, Institute for Quantum Medical Science, QST, Chiba, Japan
Medical Physics Laboratory, Division of Health Science, Graduate School of Medicine, Osaka University, Osaka,
Japan
Status
Biological effectiveness of helium-ion beams is higher than that of conventional photon radiations (Friedrich
et al 2013). To optimally use their biologic advantage in clinical practice, a clinically relevant dose, i.e. effective
dose, which is deﬁned as the product of the absorbed dose and the RBE, should be calculated in treatment
planning of helium-ion radiotherapy. In pioneering studies performed at the LBNL, more than 2000 patients of
various tumor sites were treated with helium-ion beams using a passive beam delivery (Castro et al 1985,
Castro 1995). In their works, constant RBE values across the target volume ranging from 1.2 to 1.4 were used for
the tumor sites independent of beam conﬁguration, target depth, and dose level (Castro et al 1985, Saunders et al
1985). The constant RBE assumption was appropriate at the time, since little was known about the clinical
effectiveness of helium-ion beams, primarily due to the complexity of the RBE mechanism. However, this
assumption of a constant RBE is questionable even for low LET proton beams (Peeler et al 2016). In the case of
helium-ion beams with higher LET, signiﬁcant variations of the RBE with depth in the SOBP region have been
reported for several cell lines such as Chinese hamster ovary cells (CHO-K1) (Krämer et al 2016) and human
alveolar adenocarcinoma cells (A549) (Mairani et al 2016a, 2020). The depth-survival and depth-RBE
distributions of A549 cells exposed to the SOBP helium-ion beam are shown in ﬁgure 15. The RBE value
increased with depth, taking the maximum of about 4 at the distal region of the SOBP. The constant RBE
assumption is thus no longer appropriate, and spatial variations of RBE have to be considered in helium-ion
radiotherapy treatment planning for individual clinical cases based on RBE models.
Current and future challenges
Currently, there is no consensus as to which RBE model is best suited for the treatments with helium-ion beams.
Ideally, the RBE model is established and tuned to in vivo and clinical data of helium-ion beams. However, such
data for helium-ion beams are scarce. Therefore, it seems a practical way is to establish and tune the RBE model
so as to reproduce relatively abundant in vitro data, and then to validate the established RBE model against in vivo
and clinical data (see section 9), as has been done in carbon-ion radiotherapy (Mein et al 2020). Three existing
RBE models have been tested to predict in vitro cell responses exposed to mono-energetic and clinically-relevant
SOBP helium-ion beams (Mein et al 2019a). The models were a data-driven phenomenological model (DDM)
(Mairani et al 2016b), the local effect model (LEM, version IV) (Mein et al 2019a), and the modiﬁed
microdosimetric kinetic model (MKM) (Inaniwa et al 2010, Mairani et al 2017). The DDM parameterizes in vitro
experimental data of protons and helium ions available in the literature as a function of LET, and predicts the
RBE of therapeutic helium-ion beams using the parameterizations. Both LEM and MKM are mechanistic
models based on the microscopic dose distribution patterns. Mechanistic differences between the models have
been discussed elsewhere (Kase et al 2008).
The three RBE models could reasonably reproduce the in vitro experimental data of helium-ion beams (Mein
et al 2019a). This may imply that the accuracy in the prediction of RBE for therapeutic helium-ion beams is not
primarily inﬂuenced by the choice of the RBE model, but instead inﬂuenced by the choice of the in vitro dataset
and the methodology used for tuning the RBE model parameters. These models, however, differ greatly from the
viewpoints of applicability to other ion species as well as capability for tissue-dependent RBE calculations. As the
DDM is parameterized speciﬁcally to protons and helium ions, this model cannot be used to predict the RBE of
other ion species. On the other hand, the LEM and the MKM with no ion-species-speciﬁc parameters are, in
principle, applicable to the RBE prediction of other ion species. This is particularly important in future
developments of multi-ion therapy, where two or more ion species including helium ions are delivered in a
treatment session to maximize the therapeutic effects of ion beams (Inaniwa et al 2017, Kopp et al 2020c). In
carbon-ion radiotherapy treatment planning, for simplicity, a single-tissue approximation has been applied for
RBE calculations. The RBE of ion beams should be ideally calculated for respective tissues in accordance with
their radiation sensitivities. The DDM and the MKM can reﬂect the tissue-dependent radiation sensitivities into
the RBE calculations in terms of the linear and quadratic parameters of the LQ model for photon radiation, αx
and βx, without any cell-speciﬁc tuning of the model parameters (Mairani et al 2017). In the LEM, contrarily, an
explicit tuning of one model parameter, namely a transition dose Dt, is required for each cell line to reproduce
in vitro data with sufﬁcient accuracy. These characteristics of the three RBE models are summarized in table 1.
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Figure 15. Cell survival (upper panel) and RBE (lower panel) values of A549 cells exposed to a SOBP helium-ion beam as a function of
depth in water. The black solid curve is the calculated survival and RBE values with the data-driven phenomenological model (DDM)
developed by Mairani et al (2016a, 2016b).

Table 1. Characteristics of the RBE models, i.e. the DDM, the LEM, and the MKM.

Accuracy in RBE prediction of helium-ion beams
Applicability to other ion species
Tissue-dependent RBE prediction

DDM

LEM

MKM

Accurate
Inapplicable
Easy to do

Accurate
Applicable
Not easy to do

Accurate
Applicable
Easy to do

Advances in science and technology to meet challenges
So far, the MKM seems to be the best RBE model for helium-ion radiotherapy from the perspective of accuracy
and extensibility. The MKM exhibited better agreement to in vitro and in vivo experimental data of carbon-ion
radiotherapy as compared to the LEM (Mein et al 2020). Microdosimetric measurements using a tissue
equivalent proportional counter (TEPC) or a silicon-on-insulator (SOI) detector combined with the MKM
allow the veriﬁcation of the RBE and/or effective dose distributions (Rosenfeld 2016). These factors may also
justify the selection of the MKM for upcoming treatment programs, e.g. helium-ion radiotherapy and multi-ion
radiotherapy. However, it is still challenging to make deﬁnitive statements about the best RBE model for heliumion radiotherapy due to the lack of experimental data. Collecting additional in vitro and in vivo experimental data
for helium-ion beams under various conditions is essential in the future, in addition to the accumulation of
clinical data.
The RBE of helium-ion beams depends on various physical and biological parameters such as radiation
quality, dose level, dose-rate, irradiation geometry, type of tissue or cell, oxygen conditions, and endpoints of
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interest. Ideally, these parameters should be incorporated into the RBE models. Recently, some studies tried to
incorporate the effects of hypoxia into RBE models (Scifoni et al 2013, Bopp et al 2016). However, none of the
RBE models including the MKM can perfectly deal with all these parameters, resulting in uncertainties in the
RBE predictions. In addition, systematic uncertainties in RBE predictions must arise from the difference
between in vivo and in vitro responses. Consecutive efforts must be paid to reduce these uncertainties. The choice
of the RBE model and tissue type for effective dose calculation is ultimately a clinical decision to ensure the safest
and most effective patient treatments. However, assessments of the clinical data as well as the continuous
reﬁnements of the RBE models are essential even after initiation of the clinical practice of helium-ion
radiotherapy.
Besides the developments of accurate RBE models, high quality macroscopic and microscopic dosimetric
quantities are requisite for accurate RBE predictions. The developments of accelerated and accurate calculation
codes of these dosimetric quantities in patient are important as discussed in section 5. Developments of imaging
modalities providing noninvasive means to quantify the spatial and temporal distributions of radiosensitivity in
tumor are also indispensable to realize biologically driven personalized treatments.
Concluding remarks
Spatial variations of RBE have to be considered in helium-ion radiotherapy treatment planning for individual
clinical cases based on RBE models. The RBE model should be selected from the perspective of accuracy and
extensibilities. In this regard, the MKM seems to be the best RBE model among three existing RBE models, i.e.
DDM, LEM, and MKM. However, none of the RBE models can perfectly deal with all parameters affecting the
RBE of therapeutic helium-ion beams, resulting in uncertainties in the RBE predictions. The choice of the RBE
model and endpoint for effective dose calculation is ultimately a clinical decision to ensure the safest and most
effective patient treatments. Collection of additional in vitro and in vivo experimental data, assessment of the
clinical data as well as continuous reﬁnements of the RBE models are essential even after initiation of the clinical
practice of helium-ion radiotherapy.
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Part C: Clinical Perspectives

11. Challenges and remarks on the proton therapy experience with constant RBE
Harald Paganetti
Department of Radiation Oncology, Massachusetts General Hospital and Harvard Medical School, Boston,MA
02114, United States of America
Status of RBE considerations in proton therapy
In proton therapy both tumor prescription doses as well as constraints to organs at risk are based on scaling
photon doses with a constant RBE of 1.1. The value is based on average RBE values measured in-vivo relative to
Co60 in the center of a spread-out Bragg peak for various endpoints such as skin reaction or LD50 (Paganetti et al
2002). It was chosen as a lower boundary because the main goal was to ensure that patients would receive the
desired prescription dose based on experience with photon therapy. Elevated RBE values are expected
particularly at the end of range where the linear energy transfer (LET) is increasing when protons decelerate.
Consequently, it is likely that most tumors will experience a higher RBE at the distal part of a spread-out Bragg
peak (SOBP) ﬁeld. Furthermore, organs at risk close to the distal edge might experience elevated RBE values. In
intensity-modulated proton therapy using multi-ﬁeld uniform dose optimization, regions of elevated RBE are
not as easy to predict but would still be predominantly in the periphery of the target. The magnitude of RBE
variations depends on the biological endpoint. As a rule of thumb, for cell survival in vitro at 2 Gy, the estimated
average RBE is about 1.15 and 1.35 in the center and distal edge of a typical SOBP increasing further in the distal
fall-off (Paganetti et al 2002, Paganetti 2014).
One reason why treatment planning in proton therapy neglects RBE variations is because our current
knowledge on variations in RBE is largely based on measurements of clonogenic cell survival in vitro. However,
while these data may not be suitable for treatment plan optimization, they may be employed in retrospective data
analysis to estimate potential magnitude of RBE effects. Figure 16 shows RBE values using an empirical model
based on parameterized ﬁts of published experimental data on clonogenic cell survival (McNamara et al 2015).
Various RBE values for endpoints other than cell survival have also been measured in vitro and in vivo but results
are sparse and inconsistent. RBE studies based on patient data are in its infancy due to limited data sets and
generally low incidents of toxicities. Even variations of 20% might be hidden under patient speciﬁc
radiosensitivity if treatment scenarios involve mainly the shallow upper and lower regions in the dose response
curves for tumor control probability and normal tissue complication probability, respectively. There is
increasing concern that proton RBE for normal tissue injuries may be underestimated signiﬁcantly, leading to
some unexpected toxicities (Haas-Kogan et al 2018). There is anecdotal evidence that toxicities seen with protons
might be more severe but not more frequent compared to photon therapy. A potential explanation might be that
patient variability is magniﬁed by RBE effects (Paganetti 2017).
In recent years, particularly brain and brainstem necrosis in proton therapy patients have been the focus of
numerous studies, some of them suggesting a signiﬁcant dependence of toxicity occurrence with regions of
elevated LET (Peeler et al 2016, Eulitz et al 2019, Bahn et al 2020). Unfortunately, these studies are inconclusive
because of the small sample size, because the correlation of voxels from the same patient is not considered, and
because high LET regions are typically in the periphery of the target where high doses will also increase the
likelihood of toxicities. In a recent study analyzing 50 adult patients individually, no correlation of elevated RBE
in necrotic regions was seen (Niemierko et al 2020). This may not be surprising considering that necrotic regions
evolve and expand over time so that correlations with LET might be weakened. Most importantly, it seems as if
RBE variations in proton therapy are smaller than patient variations in radiosensitivity. On the other hand,
retrospective qualitative and quantitative analyses of late-phase asymptomatic lung-density changes (indicative
of asymptomatic ﬁbrosis) for a small cohort of breast cancer patients irradiated to the chest wall suggested
proton RBE values potentially even exceeding 3.0 (Underwood et al 2018) for 2 Gy/fraction but an RBE on the
order of 1.1 in a cohort of hypofractionated patients suggesting signiﬁcant dose dependency (Li et al 2019).
Interestingly, there were differences in the time course of the inﬂammatory response after proton compared to
photon SBRT indicating differences in inﬂammatory response even if the RBE might be close to 1.1.
As more patients are being treated, assessing RBE effects in patients will be feasible with higher level of
statistical signiﬁcance. This will likely result in a revision of current clinical practice. Whether this will be done
based on empirical models or simply by adjusting photon-based dose constraints and prescriptions remains to
be seen. Since we do except RBE values to increase in areas of elevated LET and since we are capable of predicting
LET maps in patients, the short term strategy in treatment planning should be to avoid elevated LET values in
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Figure 16. RBE values for proton (left column) and helium ions (right column) for clonogenic cell survival as predicted by empirical
models (McNamara et al 2015, Mairani et al 2016b). Upper: RBE as a function of LETd at 2 Gy for two different (α/β)x values. The
vertical lines indicate most likely values in the entrance and exit region of an SOBP. Middle: RBE as a function of dose for (α/β)x = 2
Gy for two different LETd values corresponding to entrance and exit regions of an SOBP. Lower: RBE as a function of (α/β)x for a
photon dose of 2 Gy for two different LETd values corresponding to entrance and exit regions of an SOBP.

critical areas of organs at risk by including LET in treatment optimization. Feasibility has been demonstrated in
intensity modulated proton therapy (Unkelbach et al 2016).
Current and future challenges for helium ion therapy based on proton experience
The experience from proton therapy can only to some extend help guide the consideration of RBE in helium ion
therapy as the magnitude of RBE effects differs. Other than in proton therapy, the use of a constant RBE seems
clinically unreasonable. The current knowledge of RBE from helium beams is more limited compared to
protons (and even carbon ions). Despite uncertainties, similar to empirical modeling approaches in proton
therapy, ﬁts have been applied to helium ion data. Figure 16 shows the results from such an empirical model
(Mairani et al 2016b). The overall trend of RBE for clonogenic cell survival in vitro is very similar as with protons,
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albeit with signiﬁcantly higher absolute values. Noteworthy, as in proton therapy, RBE as a function of LET in
the region of interest seems to be monotone and not reaching the overkill region as with carbon ions. The RBE as
a function of LET shows an increase in RBE across a typical spread-out Bragg peak of ∼25%–40% for protons
compared to about a factor of 2 for helium ions. Interestingly, the percentage change in RBE as a function of α/β
at the distal fall-off is somewhat smaller in the case of helium but this would likely be offset by the much stronger
dose dependency. More experiments are needed to improve our understanding of RBE in vitro and in vivo
aiming at minimizing uncertainties for well-deﬁned tumor types and critical structures. In proton therapy,
patient variability might be in the same order of magnitude as RBE variations and uncertainties (Niemierko et al
2020). For helium ions, variations might go beyond patient variability due to the overall higher RBE values.
These estimations assume treatments with 2 Gy per fraction. The future will likely see more treatments using
hypofractionation, particularly for sites such as liver or lung (Laine et al 2015). Considering that more aggressive
hypofractionation schedules might be applied with heavier ions, this might slightly decrease the relative RBE
effects between the two modalities.
Proton therapy is currently mainly employing empirical models. This is different, for instance, in carbon ion
therapy because complex radiation ﬁelds require models that go beyond simply characterizing the radiation at a
given voxel by the LET. Consequently, carbon ion therapy employs models such as the LEM model, which has
also been used for helium ions (Elsasser et al 2010). The radiation ﬁeld with helium ions is less complex than with
carbon ions, involving mostly helium and protons (Kempe et al 2007). While there are different RBE-LET
relationship of alpha particles and protons with protons having higher biological effect than alpha particles of
the same LET (Mairani et al 2016a), it seems feasible to use an empirical model such as shown in ﬁgure 16, at least
as an estimate to guide treatment optimization. This would allow considering helium RBE as a function of a
single LET value. Furthermore, other than with carbon ions, helium ions do not reach the overkill at high LET
values in regions of signiﬁcant dose so that an increasing RBE with LET can be safely assumed.
Advances in technology to meet challenges
Obviously, in proton as well as helium ion therapy one would ideally incorporate RBE models in treatment
planning optimization (see section 10 on RBE modeling). This has been realized in carbon ion therapy with
models such as the LEM. As models are not fully mechanistic, their uncertainties have to be balanced against
overall RBE variations. Because in proton therapy RBE variations for most scenarios are believed to be in the
same order as patient speciﬁc radiosensitivity variations and uncertainties in model predictions, RBE models
have so far not been used. In order to develop more accurate models we not only need more experimental data
for relevant cell lines, it is also desirable to develop these models towards a more mechanistic implementation
and consideration of patient speciﬁcity (Ingram et al 2019). Also, measurements on more fundamental
endpoints are needed and potentially incorporated in more mechanistic models (see sections 7, 8 and 9 on key
experiments, radio-biological phenonema and read-outs).
Most patients worldwide are treated with conventional radiation therapy, even in most centers that have
proton or ion therapy facilities. The limited capacity asks for stratiﬁcation and identifying patients that beneﬁt
most from protons, helium or carbon ions. While this depends on many factors, RBE considerations may play a
role as well. Biomarkers have to be developed to identify individual patients with, for example, high tumor RBE.
RBE depends not only on dosimetric factors such as fractionation and LET, but also on genomic characteristics
of cells. For instance, a subset of human cancers have defects in DNA repair pathways that may inﬂuence RBE
(Rostek et al 2008, Grosse et al 2014, Liu et al 2015). Predictive biomarkers of RBE could thus be helpful to
predict RBE variations amongst patients and could identify patients that will beneﬁt most from ion therapy
(Willers et al 2018). More studies on genomically characterized human cancer cell lines and normal human
tissue are desirable using, for example, human tumor cells implanted in immune-deﬁcient animals.
To increase our understanding of RBE values in patients, the analysis of outcome data using blood and
imaging biomarkers is urgently needed. Particularly for healthy tissue, retrospective investigations on toxicity
are currently based on a limited number of patients. Independent of RBE considerations between treatment
modalities, dose-response relationships should not be solely analyzed based on organ contours but on subregions (Palma et al 2019). It is known that classical NTCP models based on contoured structures may work well
for photon treatments but may have less predictive power in proton or ion therapy with sharper dose gradients
and many critical structures only partly in the irradiated ﬁeld. For outcome modeling, the inhomogeneous dose
distributions with proton or ion therapy will allow sub-region analysis based on a voxel-based approach in order
to identify sensitive areas in organs independent from drawn contours (Palma et al 2019, 2020). This will not
only beneﬁt outcome modeling for ion therapy but also conventional therapy. Moving forward, machine
learning techniques will be increasingly used in this context (Ibragimov et al 2020).
Another challenge to the RBE concept in protons, helium as well as carbon ion treatments are the increasing
number of treatment modalities being used in the adjuvant or neoadjuvant setting. Particularly drugs targeting
speciﬁc tumor sub-populations or repair pathways can impact RBE (Konings et al 2020). Immune therapies may
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require not only to understand RBE in tissues but also RBE for circulating lymphocytes. In the future it will
become more important to understand these synergies and not perform dose scaling based on RBE values alone.
Concluding remarks
A constant RBE of 1.1 is an appropriate average value for ensuring tumor control in proton therapy but it likely
underestimates RBE in regions of normal tissue. In the near future, LET based optimization is expected to
account for variations in RBE mostly in normal tissues. In contrast, due to more signiﬁcant variations in RBE,
biological optimization based on RBE models is being conducted in carbon ion therapy. The latter is certainly
necessary in helium ion therapy as well. However, some lessons can be learned from proton therapy. For
instance, as an approximation, treatment optimization based on LET might be feasible in helium ion therapy
considering the limited complexity of the radiation ﬁeld. In the long term, more mechanistic models are desired
for proton as well as ion therapy.
In the meantime, retrospective and prospective outcome studies have to be prioritized in proton, helium and
carbon ion therapy. In vitro studies are certainly valuable if focused on understanding biological mechanisms.
Treating patients with helium ions in addition to proton and carbon ion therapy will increase the variety of
dose and RBE distributions in patients. Furthermore, it will certainly lead to increasing efforts using laboratory
systems. While this increase in variety might hamper statistically signiﬁcant ﬁndings it also presents a chance to
utilize different probes to assess mechanisms of RBE.

40

Phys. Med. Biol. 67 (2022) 15TR02

A Mairani et al

12. Clinical directions with helium ions
Semi Harrabi1–3,5, Jürgen Debus1–6
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Department of Radiation Oncology, Heidelberg University Hospital, Heidelberg, Germany
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3
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4
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Germany
5
Heidelberg Ion-Beam Therapy Center (HIT), Department of Radiation Oncology, Heidelberg University
Hospital, Heidelberg, Germany.
6
German Cancer Consortium (DKTK), partner site Heidelberg, Germany
Status
According to the latest patient statistics published by the Particle Therapy Co-Operative Group (PTCOG)
approximately 260.000 patients have been treated with (heavy) charged particles until December 2019. The
predominant portion of treatments was performed with protons (approx. 220.000)—and the number is
signiﬁcantly increasing (Jermann 2020). That is because the rationale for the use of proton radiotherapy (PRT)
with their advantageous physical properties is widely accepted. Currently, there are roughly a hundred particle
therapy facilities operational with several more under construction or in planning, but there are only 12 facilities
capable of treating with carbon or other ions. Radiotherapy with carbon ions (CIRT) has in addition to the
dosimetric properties in particular biological advantages such as an increased relative biological effectiveness
(RBE). However, the use of CIRT especially for pediatric patients is disputed especially for pediatric patients.
Main concern against it is the fragmentation tail of carbon ions. Of particular importance are secondary
neutrons and their potential negative inﬂuence on the risk for treatment related secondary malignancies.
Hence, there is a constantly growing interest to introduce or rather re-introduce another ion into clinical
routine: helium. Helium ions have already been used for treatment very successfully several decades ago.
Between 1957 and 1992 more than 2054 patients have been treated with helium ions. Starting 1975, several phase
I/II trials were conducted to evaluate the potential use of other heavy charged particles including helium,
carbon, neon, argon and silicon ions (Castro et al 1980, 1982, Saunders et al 1985).
At Berkeley (see section 7 on LBNL and key experiments), more than 810 patients received pituitary gland
radiosurgery with high energy plateau helium ions. Levy et al published an 18 year follow-up on that cohort
documenting both efﬁcacy and tolerability. The low complication rate—focal temporal lobe necrosis or cranial
nerve injury occurred in only 1% of the cohort—combined with the achieved tumor control and successful
reduction of growth hormone secretion is impressive evidence for the potential of helium ions (Levy et al 1991).
Saunders and Castro successfully implemented helium ion high dose irradiation for uveal melanoma, resulting
in 97% tumor control (Saunders et al 1985, Castro et al 1997) and pathed the way for the ﬁrst randomized phase
III trial conducted in charged particle radiotherapy investigating the results of helium ion radiotherapy for uveal
melanoma compared to 125Iodine plaques in 184 patients. The long-term analysis conﬁrmed the excellent
results with signiﬁcantly improved local control and eye preservation for helium irradiation (Char et al 1993,
Mishra et al 2015).
These remarkable results form a solid foundation that warrant further clinical evaluation of helium ions in
radiotherapy. The physical properties of helium have been characterized in detail. Especially at larger depths the
penumbra of protons is considerably large due to lateral scattering (and in fact sometimes larger than high
energy photons). A helium beam offers signiﬁcantly reduction of lateral penumbra which can become clinically
relevant as ﬁgure 17 demonstrates.
Treatment-related sequelae are frequent—especially in pediatric brain tumor patients where the developing
brain tissue is vulnerable to radiation damage. Over the decades, the prognosis for pediatric cancer patients in
general and particularly for those with tumors of the central nervous system has signiﬁcantly improved. Pediatric
cancer patients are expected to become long-term survivors. Therefore, it is essential to minimize the burden of
treatment-related side effects. Recent studies could clearly demonstrate that the dosimetric advantage of protons
compared to photon based treatment translates into a measurable clinical beneﬁt (Kahalley et al 2020). Given the
dose response relationship of critical organs at risk (such as the pituitary (Vatner et al 2018)) preliminary results
of dosimetric in-silico study provide a strong rationale that the use of helium ions has the potential to even
further reduce the risk for treatment related sequelae.
Current and future challenges
Despite evidence for a considerable variability of the relative biological effectiveness (RBE) of protons a ﬁxed
value of 1.1 has been accepted as a reasonable approximation worldwide (see section 11 on proton therapy
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Figure 17. Comparison of treatment plans for a pediatric patient with posterior fossa ependymoma optimized with the same beam
geometry for protons (A) and helium ions (B). Due to less lateral scattering the dose absorbed by the brainstem, cochleae, pituitary and
hippocampi is signiﬁcantly reduced (C).

experience with constant RBE). Both for helium and CIRT however, the RBE increases as a function of the linear
energy transfer (LET). Provided that the underlying biological model is correct, this selective increase of RBE can
be used to optimize the therapeutic window delivering high doses to the tumor while the low dose to the healthy
tissue is minimized. However, depending on the necessary input variables of the RBE model used its prediction
is subject to substantial uncertainties. Since the current operational ion facilities pursue different approaches in
terms of RBE model, fractionation and scheduling the respective clinical results must be interpreted cautiously.
It remains to be seen which path will be taken for treatment with helium ions. A major challenge will be to ﬁnd
common ground, limit the uncertainties and standardize dose calculation for helium, hopefully allowing for
future inter-institutional comparisons.
The fragmentation tail of carbon ions is discussed critically. While the secondary particle spectrum of
protons consists mainly of secondary protons and neutrons with a very low residual range the fragmentation of
carbon ions leads to a spectrum of secondary particles with a range that might be higher than the initial primary
particle. Although the relative number of secondary neutrons might be higher for a carbon ion beam, when
adjusted for the same RBE weighted dose the absolute number might be not because the number of particles
needed to deliver the same RBE weighted dose is about two orders of a magnitude lower (Jäkel 2020). Thus, the
risk for developing a CIRT related secondary malignancy might be overestimated. However, the risk for
radiation induced subsequent neoplasm is of major concern, especially in pediatric patients or other patients
who are expected to become long-term survivors. Treatment with helium ions might even further reduce the
risk because it is expected that the number of secondary neutrons is very low and the resulting neutron dose
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might be even lower than in protons. However, further investigations into neutron dose of clinically used helium
beams are required to quantify the effect.
Particular attention should be paid when it comes to patient selection. Since normal tissue sparing and hence
reduction of normal tissue complication probability is a major goal for treatment with helium ions in principle
all patients eligible for protons would be suitable candidates for helium as well. Although dosimetric advantages
might determine largely the potential beneﬁt, the selection should not only be based on dosimetric criteria. An
improved understanding of biological effects allowing for an optimized LET- and RBE-distribution might also
increase tumor control probability. Furthermore, patient speciﬁc individual biological marker are not yet
sufﬁciently characterized but could have a major impact on treatment effectiveness.
Advances in science and technology to meet challenges
Currently available RBE models that are used in the daily routine need to be carefully evaluated and where
necessary adapted for the purpose of RBE based treatment planning for helium (see section 10 on RBE models).
Since clinical experience is still limited, in silico, in vitro and in vivo experiments offer urgently needed and
valuable input and will help minimizing the uncertainties. Establishing inter-institutional collaborations
allowing for collection of large data sets for both preclinical and clinical data is necessary and requires signiﬁcant
funding to be successful in overcoming the challenge.
In addition to biological uncertainties related to RBE models one hast to keep in mind that there is also an
inherent uncertainty and heterogeneity in the biological response of both the individual normal tissue of the
patient as well as the tumor. To reﬁne the understanding of treatment outcome not only classic endpoints and
risk factors should be analyzed but also further biomarkers such as molecular tumor information, blood
samples, genetic information or radiomics should be taken into consideration. Incorporating these variables
would advance treatment planning of radiotherapy with ions one step closer towards truly individualized
radiotherapy.
There is a paucity of facilities able to accelerate ions other than protons. While a carbon ion facility that yields
for the same range as a proton facility needs signiﬁcantly larger accelerators and is thus more expensive, the
initial energy (per nucleon) needed for helium is comparable to protons and can also be produced by a cyclotron
rather than a synchrotron. Nevertheless, availability of facilities capable of treatment with helium ions will be
limited for a foreseeable time. Therefore, trial design, choice of endpoints and patient selection are crucial to
learn which patient cohorts beneﬁt most. Ultimately, prospective clinical evidence is indispensable.
Concluding remarks
Radiotherapy with helium ions is not only due to superior physical properties a promising treatment option but
also because the radiobiological behavior is still similar to that of protons. While the LET of helium is only
slightly increased and still in the range of protons, helium offers an increased RBE and oxygen enhancement
ratio nevertheless (Dokic et al 2016, Tessonnier et al 2018). Furthermore, treatment with helium ions is also
interesting for its economic aspects since the technical effort needed to accelerate helium ions is less compared to
CIRT and deliverable with a cyclotron.
In summary, radiotherapy with helium promises to combine the best properties of both protons and carbon
ions providing the means of high precision dose deposition and optimized sparing of normal tissue and making
it a very suitable candidate to re-introduce into clinical routine.
Just recently, the Heidelberg Ion-Beam Therapy Center (HIT) was able to overcome the obstacles and treated
worldwide the ﬁrst patient with an active scanned helium beam within the framework of a compassionate use.
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13. Clinical medical physics and treatment planning
Thomas Tessonnier and Stewart Mein
Heidelberg Ion-Beam Therapy Center (HIT), Department of Radiation Oncology, Heidelberg University
Hospital, Heidelberg, Germany
Introduction
The primary mission of clinical medical physics in radiation oncology is to ensure that the planned dose is
correctly delivered to the patient. More speciﬁcally, the patient must receive at each radiotherapy session the
correct dose validated on the treatment planning system (TPS). For both photon and particle-based therapies,
this involves measuring, managing and reducing the various uncertainties from treatment planning to delivery.
These uncertainties are inherent throughout the entire treatment chain, such as beam/dose calibration, patient
simulation/set-up, treatment planning physics, biological considerations in planning and daily delivery.
However, there are several uncertainties intrinsic to particle therapy and must be considered for preparation of
helium ion therapy.
In terms of management, clinical physics for helium ion therapy won’t be vastly different from treatment
with protons and carbon ions. Their use will present a similar level of uncertainty with unique magnitudes for
aspects of physics and biology. Knowing where the community stands with proton and carbon ions in the clinic,
how can we best practice clinical physics for helium ion beam therapy?From treatment over the last decades
with protons and carbon ions, what has clinical medical physics learned about potential uncertainty and their
impact on patient treatment?A recent proton therapy roadmap touches on various topics of medical physics
considerations for proton therapy, including uncertainties in proton therapy, treatment planning, active beam
scanning delivery, robust planning, adaptive therapy for variations in patient anatomy and beam range, live
range veriﬁcation, 4D planning/delivery and RBE (Paganetti et al 2021). In many cases, these concerns apply to
all ion types and for sake of avoiding redundancy, here we focus on key aspects of clinical physics speciﬁc to
helium ion therapy.
Current and future challenges
Physics and dosimetry. Beginning with beam/facility start-up, physics for helium ion beam therapy must meet
the same clinical standards and tolerances demonstrated with protons and carbon ions. As with any novel radiotherapy modality, the ﬁrst challenge will involve establishing ideal beam physics and dosimetry for helium ions.
For the HIT facility this occurred for the years following ion source installation (see section 2 on facility startup). Medical physics focused on acquisition of beam data and development and implementation for facility
speciﬁc beam models in collaboration with the TPS vendor. More speciﬁcally, beam data must include all
relevant characteristics (akin to proton and carbon ion therapy beam models), i.e. integral depth dose, lateral
proﬁles in air, absolute dosimetry in water for monogenetic layers for various energies in the clinical range
(Tessonnier et al 2017a, Besuglow et al 2022).
Subsequently, comprehensive validations should involve dose measurements in various simple homogeneous scenarios (SOBPs in water), in heterogeneous geometries (i.e. anthropomorphous phantoms) and for
oblique ﬁeld delivery. Within these conditions, relevant sources of uncertainties must be identiﬁed such as beam
range uncertainties, stemming from SPR prediction and/or anatomy changes in the patient; other beam delivery
uncertainties such as beam width, spot position (daily ﬂuctuations between planned and delivered beam physics
settings, often recorded in system log-ﬁles); TPS beam modeling; dose calibration from the primary standards
dosimetry laboratory applied to a speciﬁc center. By dedicated QA procedure, optimization and/or in vivo
veriﬁcation/imaging techniques (see section 6 on helium ion imaging), medical physics works to manage,
mitigate and measure these uncertainties.
Absolute dosimetry. Absolute dose calibration and corrections factors must also be considered for proper use of
ionization chambers for helium ions, yielding precise conversion of coulomb to Gray for the reference radiation
in water to the beam quality of interest (Luoni et al 2020). While saturation, polarity, pression/temperature
correction factors are more straightforward to derive, the beam quality correction factor can be more subtle to
determine. The latter is associated with the larger uncertainty level compared to the other correction factors (on
the order of a few percent) and the use of different factors between particle therapy modalities is still unclear and
must be resolved, especially for lower beam energies <100 MeV/u (Luoni et al 2020). One way to overcome this
correction is to have correction factors directly linked to beam quality that could be derived from calorimetry
measurements (Holm et al 2021). Helium ions are by default affected by this technical hurdle and while
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correction factors might be between the range of protons and carbon ions, it must be properly assessed to reduce
uncertainties.
Treatment planning. Introducing helium ions into clinical practice will initially not require exceptionally new
techniques in terms of pure implementation and workﬂow for clinical medical physics. In other words, clinical
physics procedures will be largely unchanged from protons and carbon ions, aside from additional helium
dedicated QA routines. That said, we must still recognize both similarities and minute differences with respect to
protons and carbon ions. For instance, what are the capabilities and limitations of analytical (standard for
carbon ions) and Monte Carlo (standard for protons) dose engines for treatment planning for helium ions?Is
the TPS able to model reliably using analytical methods?Do the clinically applied biological model applied for
helium ions predict in vitro and in vivo data benchmarks and at which level of agreement?What is the impact of
different treatment schemes on RBE and biological sensitivity within clinical tissue types?
Especially for heavier ions, it can be particularly challenging to assess and account for the RBE and associated
radio-biological uncertainties during clinical practice (see sections 7–10 on radiobiology and modeling). Even
for proton therapy, the assumption of constant RBE of 1.1 can be considered a safe estimate but neglects known
variations at distal end (Paganetti et al 2002, Paganetti 2014). For carbon ions, the severity of RBE enhancement
is unavoidable via such approximations and must be explicitly modeled during treatment planning. For a
speciﬁc tissue type, classic endpoints for variable RBE include particle species, dose and LET; however, greater
complexity is known depending on indication and patient-speciﬁcity for all ion types (Karger and Peschke 2017,
Stewart et al 2018). On the contrary with protons, evidence in the literature suggests variable biological
enhancement should be considered for helium ions and should follow a similar approach to that of carbon ions
with variable RBE consideration in treatment planning. Thus, one must validate the deﬁnition of ‘effective dose’
against available measured endpoints, which are particularly scarce for helium ions, and potentially, recently
developed bio-mechanistic models supported by literature data.
Advances in science and technology to meet challenges
Ultimately, the main challenges in clinical medical physics and radiobiology for helium ion therapy will aim to
diminish the compounding physical/biological uncertainties and improve conﬁdence in treatment planning
and delivery methods. This can be done through a variety of avenues. First, we should continue to improve
reliability and ﬂexibility of the TPS by introducing new features and metrics for helium ion therapy. Most
recently at our institution, development and validation of the RayStation took place in collaboration between
industry and medical physics groups. Ongoing and future areas for TPS development for helium ion include the
following:
Fast Monte Carlo. So far, while Monte Carlo tends to remain as the gold standard reference for proton therapy
dose predictions, analytical pencil beam algorithms remain the standard for heavy ions, like carbon ions. While
PB algorithms could lead to good dosimetric agreement with measurement in many clinical scenarios for helium
ions, the mathematical formalisms themselves are simpliﬁed and propagate beam transport from homogeneous
to heterogeneous anatomy applying lateral heterogeneity handling. Therefore, the PB algorithms may still yield
unsatisfactory clinical performance in certain cases that have yet to be investigated. One of them is modeling
beam modiﬁers and handling dose kernel distortion in settings with substantial lateral heterogeneity. For
instance, studies suggested for thorax treatments, analytical commercial systems are unsuitable for proton
therapy (Taylor et al 2017). In addition, biological planning with PB algorithms may be susceptible to calculation
uncertainties due to limitations in accuracy in handling lateral evolution of the mixed radiation spectra (Kopp
et al 2020a).
That said, computational performance using large costly clusters may soon be outpaced by fast MC codes on
GPU, which are becoming standard for the proton therapy TPS (Jia et al 2012). Therefore, we must determine
whether analytical approaches to dose calculation are sufﬁcient and for which treatment sites are Monte Carlo
approaches required. It’s possible that eventually, development and integration of Monte Carlo computational
methods will make their way to the clinic even for heavier ions. This will be mostly beneﬁcial for challenging
treatment sites and MR-image guidance where the magnetic ﬁeld will impact the dose distribution (see section 5
on dose calculation). Before clinical integration of fast MC codes, application as secondary dose engines for
treatment development and support is foreseen, especially for novel ions.
RBE model. One of the main sources of uncertainty in planning is related to the relation and translation of
biological effect for a particular ion species to photons. That said, a major milestone will be establishing
consensus between clinicians and medical physics teams between centers on the selected RBE model and
appropriate inputs. Initial selection of variable RBE model, input parameters and tissue-speciﬁc inputs for
mechanistic models are, for a lack of better words, an initial best guess, based on limited in vitro and in vivo data
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in the literature. It is important to collectively analyze data as it becomes available if indications point to speciﬁc
changes in understanding helium RBE which may be clinically relevant. For helium ions, the optimal RBE model
and inputs for clinical indications and speciﬁc treatments could be hinted at via analysis of already existing and
ongoing clinical trial data for photons, protons and carbon ions.
As mentioned in the previous section (see section 8, 10 on RBE modeling and section 12 on clinical
direction), mMKM was selected for biological dose modeling during treatment planning and deﬁning input
parameters at the HIT facility. For instance, tissue-speciﬁc α/β values (and corresponding absolute values) are
largely based on in vitro data which may alone be insufﬁcient in the long run. Nevertheless, novel measurements
from in vivo study/patient follow up and advanced biophysical models for effective dose prediction may provide
further insight. That said, it will be our job as research and clinical scientist to determine how to best make use of
them during clinical practice without jeopardizing tumor control or increasing risk of toxicity. Furthermore, for
improving biological dose prediction in the clinic, we need involvement from physics and biological disciplines
for precise measurement (section 3) and modeling of the mixed radiation spectra (section 4), in vitro/in vivo
readouts (section on 9), algorithm development (section 5) and model mechanics (section 10).
LET consideration/optimization. To date, there is still no widespread LET consideration or optimization during
clinical practice with light and heavy ions. This is an ongoing challenge for proton therapy where variable RBE is
not considered. For heavier ions like carbon, converging high LET within the target volume and away from
normal tissues would be largely beneﬁcial due to inherently large uncertainty in bio-effect at the distal end.
However, this is currently not implemented in any commercial TPS even if proton LET optimization may be on
the horizon. Therefore, citing the previous point regarding clinical value of secondary dose engines, LEToptimization for helium ion beam therapy could be one potential approach for combating biological
uncertainties within organs at risk (Giantsoudi et al 2013, Unkelbach et al 2016).
Robust planning. If not properly managed, known range and position uncertainties of particle therapy may
adversely affect biologically weighted dose (Giovannini et al 2016), especially for multi-ﬁeld IMPT. In turn, this
may lead to potential mistreatment via under or over dosage, and elevated dose/LET levels in OARs. Thus,
robust optimization (Unkelbach and Paganetti 2018) could be a practical mitigator of biological uncertainty
stemming from variations in range and patient positioning for helium ion therapy.
Multi-ion therapy. Introducing helium ions at existing particle therapy facilities can potentially enable
transformative treatment approaches such as multi-ion therapy (MIT) for biologically robust delivery (see
section 15). MIT has been shown to substantially reduce biological dose uncertainty by homogenizing physical
and biophysical distribution like RBE and LET within the target volume (Inaniwa et al 2017, Kopp et al 2020).
TPS features currently do not allow treatment planning with multiple particle beams within each fraction and
should be developed for pre-clinical testing outside of in-house developed beyond in-house systems. Even at our
multi-particle facility, the HIT framework (from calculation in TPS to delivery in treatment room) does not
yet allow for delivery of multiple particle species within the same patient plan, which should be addressed in
future re-structuring of the global delivery system. Of course, within a standard TPS, the physical dose
distribution of multiple particle treatments could technically be summed together, however, the multidimensional dependencies of variable RBE for helium and carbon ions, per say, would require dedicated
biological optimization and calculation platforms for correct biological weighted dose. So far, multiple particles
cannot be associated within the same treatment plan—nonetheless, these issues are somewhat trivial and involve
revamping technical infrastructure.
Arc delivery. Proton arc techniques are gaining attention and still require further scientiﬁc development before
clinical translation. But several technical studies have worked on feasibility of optimization and robust delivery
for proton arc, which may be beneﬁcial for several treatment indications (Ding et al 2016a, 2016b). Arc delivery
with particle beams still needs further development and evaluation prior to clinical use, however, considering its
physical/biophysical properties, helium ions may present numerous advantages over protons in arc delivery
(Mein et al 2021, Mein et al 2022a; Mein et al 2022b). Despite range concerns in arc delivery techniques, arc
combined with robust planning and energy switching optimization procedures may yield biological robust
treatments. Capabilities of helium arc delivery with gantry or rotational treatment chairs would require further
study and development.
Concluding remarks. One of the largest remaining uncertainties in clinical treatment planning involves RBE
modeling for ion therapy in general and to effectively resolve, may take substantial time, dedicated research and
interpretation of clinical trials/derivation of in vivo RBE using helium in large patient cohorts. In contrast, many
uncertainties can be practically handled and/or mitigated via techniques such as eventual introduction of fast
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MC codes in TPS, novel calibration procedures and new treatment optimization techniques. While these
physical and biological uncertainties will be present in the short term, attributes of helium ion beam therapy
remain in the same range as other clinical beams and are therefore mature enough to exploit in cancer treatment.
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14. Future perspectives on helium ions
Radhe Mohan, Uwe Titt, Fada Guan and David R Grosshans
The University of TexasMDAnderson Cancer Center, Houston, Texas, United States of America
Status
Other than the cost, the choice of a hadron species has largely been dictated by dose distribution characteristics (see
sections 3 and 4 on physics and modeling), crude estimates of the hadron relative biological effectiveness (RBE) and
oxygen enhancement ratio (OER) (see sections 7–10, on biological response and modeling). Among the heavier
hadrons, carbon has become the de facto standard because it was the ﬁrst to be adopted clinically in the modern era in
Japan, which was in part because its RBE was estimated to be similar to that for neutrons.
Until the recent helium ion program based in Heidelberg (ctions 12 and 13), helium has not been used for RT since the
LBNL experience, although hadron facilities in Japan, Europe and China now have the required capability. Compared to
protons, helium beams have sharper distal and lateral falloffs, and thus can produce more conformal dose distributions.
Helium dose distributions are only slightly less conformal than those for carbon, yet produce a considerably smaller
number of secondary particles and fragments that contribute dose outside the ﬁeld laterally and beyond the end of range.
In general, the relationship of RBE with linear energy transfer (LET) for hadrons is a complex function of
dose and biological factors and generally not well-understood. The high RBE of carbon ions has been cited as a
primary driver for their use in radiation resistant tumours. However, the distal regions of helium beams may
have similarly high biologic effectiveness, without the ‘over-kill effect’ seen with high LET carbon ions. Perhaps
equally as important, the moderate LET values of helium beams may be more sparing of normal tissues adjacent
to the tumours, potentially enabling the treatment of many tumour types, including tumours in paediatric
patients (see section 12 on clinical directions), if appropriate treatment planning and delivery techniques were to
be used. With regard to these issues, recently, there have been numerous in-silico investigations to design helium
radiation treatment plans and compare their potential with that of other modalities (Mairani et al 2016a, Arico
et al 2017, Tessonnier et al 2018). In addition, since the initial clinical experience, the delivery technology has
advanced considerably with the development of scanning beam-based systems. Moreover, there have been
numerous experimental and theoretical (simulation) studies to investigate the biological effects of helium ions
(Raju et al 1971, 1972, Taleei et al 2016, Guan et al 2015) and develop RBE models for helium therapy.
Current and future challenges
At the most basic level, the physical properties of helium (and other hadrons), e.g. energy, ionization density or
LET, determine the achievable dose distribution patterns, normal tissue sparing potential as well as the biological
effectiveness. Ultimately, the clinical effectiveness of a speciﬁc radiotherapy modality depends on our ability to
clearly understand and relate biological effect to physical parameters. However, our knowledge of the biologic
effects of helium and other ions and even the appropriate physical factors to use are lacking. This severely limits the
development of appropriate models for use in treatment planning.
Extensive in-vivo and in-vitro preclinical experiments and, in many cases, in silico simulations need to be
conducted to investigate the response of tumours and normal tissues and various cell lines as a function of dose and
LET (or lineal energy). With the data thus accumulated, reliable biophysical models as a function of beam quality (LET
or microdosimetric quantities) can be developed for clinical use. The models developed may be initially validated with
experimental in-vitro and in-vivo data. However, ultimate validation of models will require clinical response data (e.g.
tumour control, toxicities, survival, etc). Such clinical data will only be available if well designed clinical trials with
detailed follow-up are implemented. For helium ions, in addition to radiation resistant tumours where high RBE
would be preferred, clinical trials could include multiple disease sites, potentially even paediatric tumours.
New areas of helium radiation biology also need to be explored both pre-clinically and through initial clinical trials.
For example, only recently have the profound immunosuppressive effects of radiation and the potential of particle
therapy to mitigate them been appreciated. This is especially important as the use of immunotherapy spreads across
multiple tumour types. Initial evidence, obtained mostly with proton therapy, indicates that particle therapy, due to its
compact dosed distributions, may be less immunosuppressive in comparison to photon therapy. which may improve
survival (Davuluri et al 2017, Durante and Formenti 2020, Mohan et al 2020). Moreover, the greater sparing and
preservation of the immune system with particle therapy is critical for the effectiveness of adjuvant immunotherapy.
Furthermore, preclinical studies with carbon ions suggest greater immunogenic cell death and the increased release of
inﬂammatory cytokines lead to greater immune system stimulation (Durante et al 2016, 2017 Helm et al 2018, Malouff
et al 2020). Up until now, clinical immunoradiotherapy has been studied with photons only. However, a combination
of heavy ion therapy with immunotherapeutic agents may be considerably more effective as evidence indicating that
high LET particles may promote an immunogenic response accumulates. While the current data come from carbon
ions, it is likely that the response to helium ions will be as robust.
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There is also growing interest in ultra-high dose rate (FLASH) radiotherapy and its potential normal tissue
sparing effects. Hadron therapy may be ideally suited for the clinical delivery of FLASH treatments to deep seated
tumours. However, it would be important to investigate how FLASH effects are different among protons, helium
or carbon ions through modelling and preclinical studies. A recent publication suggested that the mechanism of
FLASH effect of high LET radiation may be due to the production of oxygen within the target that sensitized the
tumour cells (Zakaria et al 2020). This is in contrast with the FLASH effect for lower LET radiation, which is
hypothesized to be due to the depletion of oxygen in normal tissues resulting in their sparing.
Lastly, one cannot ignore the issue of cost. It is quite plausible that helium offers the highest value (clinical
effectiveness/cost) as a dedicated helium centre would potentially require more compact equipment and hence lower
upfront investment. Helium therapy may also be more amenable to hypofractionated therapy than proton therapy.
These factors, along with the potential of lower treatment-induced toxicities, may make helium to be no more costly
than protons.
Advances in science and technology to meet challenges
While progress is already being made, much remains to be done. There is an urgent need for better preclinical
data regarding the biological effects of helium ions. Carefully designed biological studies must be carried out
collaboratively among radiation oncologists, physicists and biologists in order to clearly relate the physical
factors of the beam to biological effects. This will enable the development of novel models for use in
treatment planning and delivery. We believe that these models should be incorporated into the criteria of
optimization of multi-ﬁeld intensity-modulated ion therapy approaches, in which high LET helium ions
preferentially deposit dose within target volumes.
Early phase clinical trials for selected disease sites to assess the safety and tolerability of helium therapy can
begin as soon as appropriate treatment planning and delivery systems are available. Initially such trials may be
for adults before extending them to paediatric patients. Simultaneously, in-vitro and in-vivo experiments can be
initiated to generate the biological response data. These, along with the clinical response data, can then be used to
reparametrize biophysical models or develop new models (see section 10 on biological models). Most treatment
planning models to date have been based on the averaged value of beam quality (LET or lineal energy) and the invitro experimental data such as clonogenic cell survival and DNA damage. However signiﬁcant improvement in
accuracy may be achievable if they were to be based on the in-vivo or ex-vivo experimental data (for example
tissue organoids grown along with patient derived cancerous cells) and microdosimetric spectra (e.g. the
biological weighting function of lineal energy) (Parisi et al 2020).
As large clinical response data sets are accumulated, their analyses could yield TCP and NTCP models.
Traditionally, such models have been based primarily on simple dosimetric indices, e.g. mean dose or volumes
receiving speciﬁed doses or higher, and their predictions are population averages. Considering the heterogeneity
in intrinsic sensitivity among patients and the variability of diseases characteristics and treatment planning
techniques, it is likely that the predictions of such models may have high degrees of uncertainty. Thus, treatment
response modelling should consider patient-speciﬁc factors along with the dosimetric factors so that the models
can more precisely predict an individual patient’s risk of toxicity or treatment failure. Such models, when
incorporated into the criteria of optimization of dose distributions, could lead to improved therapeutic ratio.
Without such improvements, the potential of helium versus other ions may be obscured by the data noise.
It cannot be expected that the ﬁrst clinical trials will offer deﬁnitive evidence of the superiority of helium ions
(as has been the case with proton therapy). Instead, as the knowledge base grows and the predictive models are
improved, more sophisticated clinical trials can be undertaken to generate additional high-quality data to be fed
back for further reﬁnement of the state of the art. Biological and clinical data can be combined with in-silico
simulations of physical, biological and immunological effects to further improve understanding of the
underlying mechanisms of these effects of helium relative to other ions.
In addition, to make helium therapy cost effective, there is a need to develop compact gantries and
accelerators. A helium-only treatment delivery system may be substantially less costly than a carbon ion facility
and yet may be equally as effective clinically. Future development of helium therapy (or any heavy ion therapy)
may be inﬂuenced by recent advances in superconductivity and associated technologies. Such a delivery system
may be widely affordable, especially with the increased use of hypofractionated treatments.
Concluding remarks
Use of helium ions for radiotherapy has not yet been explored in the modern era. Considering their physical and
biological characteristics, it is plausible that helium ions offer a superior alternative to carbon ions and, certainly, to
protons. Considerable additional biophysical research is needed to guide the development of high-quality clinical trials
using state-of-the-art models of biological and immunological effects, and normal tissues and tumour responses to
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make this modality optimally effective. Some such research is already occurring across the globe, mainly in Europe and
Japan where facilities with ions heavier than protons, including helium, are available. In United States, currently there
are no heavy ion facilities, though a plan has been announced by Mayo Clinic to establish one on their campus in
Jacksonville, Florida.
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15. Multi-ion therapy and the role of helium ions
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.Several sections of this roadmap have mentioned or brieﬂy discussed helium ions in the context of an emerging
topic known as multi-ion therapy (MIT). As the name suggests, this potential treatment concept involves
combining multiple ion species into a single treatment fraction. MIT offers additional degrees of freedom in
treatment design, planning and optimization otherwise not attainable with the use of a single radiation quality.
Naturally MIT delivery would require that a facility hosts several ion sources and delivery system capable of
efﬁciently delivering different ion species to the same treatment room (see section 2 on facility start-up).
Furthermore, dedicated treatment planning and optimization systems must handle the mixed radiation ﬁeld of
multiple primary particle beams to accurately predict effective dose (see section 5 on dose calculation and
section 13 on clinical medical physics).
For the moment, MIT remains in a state of research and development and prior to clinical investigations,
extensive development and validation at existing clinical heavy ion centers is required. There are several
published approaches and in-depth studies of MIT from separate facilities, each differing in its primary aim and
method. In all cases, helium ions are applied in MIT as the ‘lower’ LET particle. More speciﬁcally, the role of
helium ions in these studies could be described as the application of a lower LET particle to balance dosimetric
and biophysical features compared to other ions within the mixture, e.g. carbon, oxygen or neon ions.
The initial MIT optimization strategy developed at HIT was inspired by efforts to investigate robustness of
carbon ion therapy in light of the relatively sizeable biological uncertainty associated with applied models and
clinical/experimental observation (Mein et al 2020). It was suspected that mixing ion beams and appropriately
optimizing dosimetric and biophysical planning features could mitigate undesirable gradients in distribution
(dose and LET) while harmonizing biophysical attributes inter- and intra-patient (Böhlen et al 2012). By
introducing multiple particle species within a single fraction, initial works demonstrated that optimization goals
for physical dose, RBE and in turn biological dose uniformity could be achieved with MIT, speciﬁcally for
parallel opposed beam conﬁgurations. MIT was further extended and validated for single ﬁeld delivery both
dosimetrically and biologically in vitro. Dosimetric comparisons with reference single ion plans showed beneﬁts
of various MIT mixtures (p+C and He+C) in different clinical cases (Kopp et al 2020). Figure 18(a) presents
single ﬁeld uniform dose (SFUD) plans using a single ion species (He or C) and a proposed MIT technique,
combined ion-beam with constant RBE (CICR) using He and C mixtures. The CICR plan generates more
homogenous physical dose, RBE and LET distributions than the SFUD single ion plans, with biophysical
attributes intermediate of helium and carbon ions.
Other works from GSI in Darmstadt, Germany present MIT techniques combining helium and oxygens ions
to improve tumor control rates for hypoxic tumors (Sokol et al 2019). Current treatment planning for carbon
ion therapy makes use of mechanistic variable RBE models which account for main dependencies of biological
response: dose, LET, tissue type and ion species (see sections 8 and 10). It is well known that the tumor oxygen
status can impact the elicited bio-damage and should be considered during planning, however, measuring and
incorporating patient-speciﬁc pO2 levels is challenging and remains a key area of research in radiotherapy
(Rockwell et al 2009). The GSI approach to MIT employs particle-speciﬁc LET-painting making use of oxygen
ions in the hypoxic tumor regions while allocating helium ion beams for dose coverage in remaining normoxic
or physoxic regions (ﬁgure 18(b)). This approach involves biologically informed planning, i.e. spatial mapping
of pO2 levels within the tumor volume, however given assumptions of a reasonable measured pO2 value could
provide means to combat hypoxia-related tumor resistance.
At NIRS in Chiba, Japan, research groups are developing their own MIT technique for potential clinical
translation. These MIT works began with an LET-optimization approach known as intensity modulated composite
particle therapy (IMPACT) (Inaniwa et al 2017) mixing helium and other available ion species at their facility. As
opposed to conventional carbon ion therapy, IMPACT affords highly homogenous LETd distributions in the target
volume. Alongside retrospective analyses of carbon ion therapy, studies have been conducted to investigate the
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Figure 18. Multi-ion therapy optimization approaches which combine helium ions with higher-LET particle beams like carbon,
oxygen and neon. (a) Combined ion-beam with constant RBE (CICR) optimization using He+C, (b) multi-ion LET painting using He
+O and (c) hypo-fractionated multi-ion therapy (HFMIT) using He+Ne. Figures were adapted from Kopp et al (2020), Sokol et al
(2019) and Inaniwa et al (2021).

impact of LETd on local control (Hagiwara et al 2020) or on side effects (Okonogi et al 2020). For instance, Hagiwara
et al (2020) revealed that the minimum LETd within GTV has a signiﬁcant association with local control of pancreatic
cancers (Hagiwara et al 2020). Meanwhile, an adapted stochastic microdosimetric kinetic (SMK) model to improve
agreement between measured and predicted survival (and in turn RBE) for high-dose and high-LET conditions
in vitro, multi-ion therapy treatments combining various mixtures with helium, carbon, oxygen and neon ions were
presented (Inaniwa et al 2018, Inaniwa et al 2020). More recently, SMK was further expanded to include RBE
dependencies with oxygen status for developing standard and hypo-fractionation treatment regimens (Inaniwa et al
2021). Neon and helium ion beams are mixed in a single ﬁeld arrangement to target hypoxic tumor volumes (e.g.
GTV for pancreatic adenocarcinoma tumors) with higher LET beams (neon ions) and the ‘non-hypoxic’ target
regions with lower LET beams (helium ions) (ﬁgure 18(c)). Future efforts may consider further development and
investigating techniques like hypo-fractionated multi-ion therapy (HFMIT) to predict/measure potential gains in
TCP and impact on NTPC in various treatment sites.
52

Phys. Med. Biol. 67 (2022) 15TR02

A Mairani et al

Similarly, on-going works at HIT develop and investigate combining multi-ion with other promising
treatment approaches like particle arc (Ding et al 2016, Mein et al 2021). MIT mixtures with helium and oxygen
or neon ions with SHArc delivery may afford additional treatment beneﬁts such as LET-redistribution, LETpainting and/or target RBE/LET uniformity (Mein et al 2022b).
Since helium ions can exhibit more ideal physical characteristics for high-precision delivery compared to
proton, like a lateral penumbra/multiple coulomb scattering, similar to the heavier ions in the clinical energy
range, they may be the most ideal candidate as a ‘lower-LET’ particle for MIT. In other words, implementation
of helium ions as the lower LET particle during MIT treatment optimization with mixtures of higher-LET
particles like carbon, oxygen or neon may be the most appropriate approach dosimetrically. For instance, as
demonstrated in the HFMIT study (Inaniwa et al 2021), MIT mixtures using helium can help for maintain a
high-level of dose conformity to the tumor in regions for cases where high LET may not be required (target
boundaries) outside hypoxic GTV. However, further works should investigate dosimetric and biophysical
features of MIT which include helium and other ion species.
That said, the multi-ion therapy concept is young and substantial efforts lie ahead to reach clinical msaturity
and to understand its applicability and clinical function. Nonetheless, it is evident from the existing works that
helium ions may play a critical role in MIT. For now, however, clinical practice continues to make use of a single
radiation quality each fraction. Clinics equipped with photons, protons and carbon ions do deliver treatments
which make use of different radiation qualities inter-fractionally. For example, several particle facilities
implement treatment regimens which involve an initial course of photon RT followed by a short course (‘boost
plan’) of carbon ions often with a smaller delineated target volume than initial course (Rieken et al 2012, Kong
et al 2019). Future works may consider investigating the potential for ‘boost planning’ using helium ions. Related
works investigate and develop a biophysical model for joint optimization of combined proton-photon or
carbon-photon treatments (Unkelbach et al 2018, Bennan et al 2021), which could similarly be performed with
helium ions.
Several key questions regarding MIT must be formally addressed in future works and in the context of
helium ion applications: what are the principal drivers for clinical translation of MIT?In which indications and
clinical scenarios will MIT techniques be most proﬁtable?Which ion combinations using helium and other
particles are most ideal for improving TCP and/or reducing NTCP?Can we design and build accelerator
systems and particle therapy facilities to enable MIT delivery without substantial ﬁnancial costs associated with
heavy ion therapy?
With development and benchmarking of RBE models which accurately predict cell survival in vitro for a
wide dose and LET range for various particle species (see section 10 on RBE models), future investigations may
continue to explore RBE various cell lines and in vivo models for both tumor and normal tissues (see section 9 on
biological readouts) in both the context of standalone use for helium ions and MIT applications. It is unclear
whether MIT mixtures of helium ions and protons would provide any clinical beneﬁt, however it is worth
systematically examining various mixtures with 2 or more ion species with various MIT techniques to determine
the ideal mixtures for speciﬁc clinical scenarios. Moreover, MIT optimization techniques have been developed
using in-house optimization and calculation systems. Prior to clinical translation, collaborations with industry
to make MIT optimization techniques both plannable and deliverable using the clinical TPS and delivery system
are necessary.
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16. Concluding remarks on biology and physics considerations in the clinic
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The roadmap comprises current and future endeavors in establishing helium ion beam therapy with physics,
biology and clinical considerations (section 1). With recent and ongoing advances in accelerator technology,
developments are expected to continue and could help lower facility start-up costs through compact treatment
room/gantry design (section 2). By mitigating economic burden with modern facility design for helium ion
therapy, accessibility will further drive the extensive measurements campaigns and large-scale experiments
ongoing for characterizing helium ion beam physics (section 3). Through expansion and enrichment of the
physics data like cross-sections, collaboration between experimentalists and physics model developers (e.g.
Monte Carlo simulation and clinical treatment planning systems) can lead to more accurate descriptions of 4He
interactions in the human body, paving the way for advanced delivery and treatment veriﬁcation/monitoring
techniques (sections 4, 5 and 6). For instance, beyond therapy applications, helium ion uses in transmission
imaging provide further motive for clinical translation (section 6). Several institutional efforts are establishing
MR-guided particle therapy beginning with proton beams which could open up ions to daily adaptive planning,
efﬁcient gating and other advanced live online onboard imaging and treatment control, particularly
advantageous of treatment sites which are problematic currently with particle beams or controversial like thorax
and abdominal based treatments with substantial organ motion. Interaction of accelerated charged particles
with the MR-ﬁeld would increase complexity of necessary physics characterization, simulation and validated
treatment planning approaches (section 5).
For clinical trials using helium ions, it is important to frame clinical questions in the context of and in relation
to experience and results from the LBNL studies (section 7). For example, how are local control and toxicity
prevalence altered using high-precision raster scanned delivery compared to passively scattered beam?How well
does the in vitro tuned RBE modeling approach handle variations in bio-damage in vivo as opposed to constant
RBE assumptions?With such inferences, experimental characterization and modeling of biological phenomena
of helium ions can be approached systematically for not only the primary end points like dose, LET and tissue
type, but also more elusive quantities which impact the RBE like dose-rate, the role of dynamic oxygen
concentration, characteristics of the microenvironment, fractionation dependence, and interaction with drugs
such as those used in targeted therapy or immunotherapy via in vitro, in vivo and patient settings (sections 8–10).
Despite these circumstances, biological uncertainty for carbon ion therapy remains one of the most pertinent
unknowns/clinical challenges which hinders full potential of the high LET beams (∼20%–30% uncertainty in
bio-response). As performed with carbon ions, translation of clinical constraints and prescription doses from
one bio-effect paradigm in Europe, for example, LEM, to the Japanese experience using various updated MK
models may be necessary if more centers install and apply helium ions for clinical use (Fossati et al 2012, 2016). If
possible, these simpliﬁed effective dose translations should be avoided, and biological model updates could
inevitably be agreed upon and recommended by an overseeing body or task groups within the International
Atomic Energy Agency (IAEA), American Association of Physicists in Medicine (AAPM), etc. This may help
streamline interpretability of helium ion beam therapy clinical outcome between centers internationally.
By referencing the learned experiences in terms of physical, biological and clinical challenges for protons
(section 11), a clear clinical approach to helium ions radiotherapy may be deﬁned (sections 12 and 13). Helium
ions may present numerous advantages for clinicians in substitution for protons or photons in pediatrics for
instance. And in the case of carbon ions, conservative approaches to handling the unknowns of biological impact
may reduce normal tissue toxicity at the expense of local control and/or recurrence. Clinical trials will, in time,
guide future directions through development and translation of personalized treatment schemes and combined
therapies using helium ion beams (section 15).
As indicated in section 11, diversity of particle species selection for treatment may, to some degree, slow down
the collection of patient statistics for the other established particle beams; however, this impact is suspected to be
minimal compared to gains in understanding physical and biological interactions, in which helium is ubiquitous
for both proton and carbon ion beams within the mixed radiation ﬁeld, in addition to added degrees of freedom
for treatment design and future delivery techniques. Particularly, the PRECISE concept introduced in the
context of multi-ion therapy, could gain traction. This would involve expansion of particle therapy treatment
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planning concepts to multiple particles for selection of best plan not only dosimetrically but based on tumortype indications, considering patient-speciﬁc factors, etc (Kopp et al 2020).
It is with these considerations that helium ions and particle therapy at large may need to pivot towards
machine learning based approaches to treatment selection or more technically advanced delivery methods using
single or multiple ions (Kopp et al 2020, Wu et al 2021). As touched on in previous sections, helium ions will
begin use in clinical trials at the HIT facility and others are anticipated to follow given recent press releases and
academic/industry collaboration with companies like RaySearch to establish the ﬁrst clinical treatment
planning system for helium ions. Ultimately, considering the need to reduce biological uncertainty and intra/
inter patient RBE variability, multiple ion treatment advanced optimizations should be considered including
helium as well as other heavy ions. In principle, by conducting clinical trials in combining helium ions with other
low and high LET particle species, robustness and reliability of interpreting outcome could greatly improve,
particularly for tumor control and honing/deﬁning tissue-speciﬁc prescription doses in the context of particle
therapy. However, several technical developments are required to enable novel delivery techniques such as MIT
as outlined in prior sections (sections 2, 13 and 15).
Moreover, several sections in this roadmap discuss topics of tumor microenvironment factors and biological
informed treatment planning for helium ions, such as taking more consideration of oxygen status of hypoxic
tumors (sections 7–10 and 15). There is of course a limit to how much time-efﬁcient screening and patientspeciﬁc planning can be practically involved within the treatment chain, but such concepts for treatment are
headed in this direction. Multi-ion or arc delivery techniques may provide unique avenues here in reducing
inﬂuence of hypoxic related radio-resistance by LET enhancement (sections 13 and 15). This alone may not be
completely sufﬁcient since there is of course a reasonable limit to how high LET can be delivered in the tumor as
well as saturation effects (Raju et al 1978). Development and discovery of potent biological, drug or agent-based
treatments with helium ion therapy has great potential for improving clinical outcome and understanding
fundamental biological features of particle beams in these settings is highly warranted (sections 8 and 14).
Regardless of the approach to therapy, helium ions can bring several clinical beneﬁts, as either its own modality
or as a component of upcoming advanced delivery techniques/hybrid treatment strategies.

55

Phys. Med. Biol. 67 (2022) 15TR02

A Mairani et al

ORCID iDs
Eleanor Blakely https://orcid.org/0000-0003-4779-7021
Marco Durante https://orcid.org/0000-0002-4615-553X
Hermann Fuchs https://orcid.org/0000-0001-9003-5730
Dietmar Georg https://orcid.org/0000-0002-8327-3877
Fada Guan https://orcid.org/0000-0001-8477-7391
Christian P Karger https://orcid.org/0000-0002-7194-8136
Radhe Mohan https://orcid.org/0000-0003-3746-4557
Harald Paganetti https://orcid.org/0000-0002-6257-2413
Katia Parodi https://orcid.org/0000-0001-7779-6690
Paola Sala https://orcid.org/0000-0001-9859-5564

References
Allison J et al 2016 Recent developments in Geant4 Nucl. Instrum. Methods Phys. Res. A 835 186–225
Arico G et al 2019 Developments of the nuclear reaction and fragmentation models in FLUKA for ion collisions at therapeutic energies Proc.
of the 15th Int. Conf. on Nuclear Reaction Mechanisms (Varenna, Italy, 11–15 Jun 2018) pp 321–6 CERN Proc. 1 (2019) (https://cds.
cern.ch/record/2669357)
Arico G et al 2017 Investigation of mixed ion ﬁelds in the forward direction for 220.5 mev/u helium ion beams: comparison between water
and pmma targets Phys. Med. Biol. 62 8003–24 (https://ncbi.nlm.nih.gov/pubmed/28825918)
Bahn E, Bauer J, Harrabi S, Herfarth K, Debus J and Alber M 2020 Late contrast enhancing brain lesions in proton-treated patients with lowgrade glioma: clinical evidence for increased periventricular sensitivity and variable RBE Int. J. Radiat. Oncol. Biol. Phys. 107 571–8
Battistoni G et al 2016 The FLUKA code: an accurate simulation tool for particle therapy Front. Oncol. 6
Battistoni G et al 2007 The FLUKA code: description and benchmarking AIP Conf. Proc. 896 31–49
Bauer J, Tessonnier T, Debus J and Parodi K 2019 Ofﬂine imaging of positron emitters induced by therapeutic helium, carbon and oxygen
ion beams with a full-ring PET/CT scanner: experiments in reference targets Phys. Med. Biol. 64 225016
Bennan A B A et al 2021 Joint optimization of photon-carbon ion treatments for glioblastoma Int. J. Radiat. Oncol. Biol. Phys. 111 559–72
Besuglow J, Tessonnier T, Kopp B, Mein S and Mairani A 2022 The Evolution of Lateral Dose Distributions of Helium Ion Beams in Air:
From Measurement and Modeling to Their Impact on Treatment Planning Frontiers in Physics 9 1–14
Beyreuther E et al 2019 Research facility for radiobiological studies at the university proton therapy dresden Int J Part Ther. 5 172–82
Blakely E A et al 1984 Heavy-ion radiobiology: cellular studies Adv. Radiat. Biol. 11 195–389
Blakely E A 2020 The 20th Gray Lecture 2019: health and heavy ions Br. J. Radiol. 93 2020172
Böhlen T T et al 2012 Investigating the robustness of ion beam therapy treatment plans to uncertainties in biological treatment parameters
Phys. Med. Biol. 57 7983–8004
Böhlen T T et al 2013 A Monte Carlo-based treatment-planning tool for ion beam therapy J. Radiat. Res. 54
Böhlen T T et al 2014 The FLUKA code: developments and challenges for high energy and medical applications Nucl. Data Sheets 120 211–4
Bopp C, Hirayama R, Inaniwa T, Kitagawa A, Matsufuji N and Noda K 2016 Adaptation of the microdosimetric kinetic model to hypoxia
Phys. Med. Biol. 61 7586–99
Bottura L, Felcini E, De Rijk G and Dutoit B 2020 GaToroid: a novel toroidal gantry for hadron therapy Nucl. Instrum. Methods Phys. Res. A
983 164588
Brobeck W M, Lawrence E O, MacKenzie K R, McMillian E M, Serbe R R, Sewell D C, Simpson K M and Thornton R L 1947 Initial
performance of the 184-Inch cyclotron of the University of California Phys. Rev. 11 449–50
Burnet N G et al 2020 Proton beam therapy: perspectives on the National Health Service England clinical service and research programme
Br. J. Radiol. 93 20190873
Castro J 1977 Clinical experience and expectations with helium and heavy ion irradiation J. Radiat. Oncol. Biol. Phys. 3 127–31
Castro J R et al 1980 Radiotherapy with heavy charged particles at Lawrence berkeley laboratory J. Can. Assoc. Radiol. 31 30–4
Castro J R et al 1982 Treatment of cancer with heavy charged particles Int. J. Radiat. Oncol. Biol. Phys. 8 2191–8
Castro J R et al 1989 Charged particle radiotherapy for lesions encircling the brain stem or spinal cord Int. J. Radiat. Oncol. Biol. Phys. 17
477–84
Castro J R et al 1994 Experience in charged particle irradiation of tumors of the skull base: 1977–1992 Int. J. Radiat. Oncol. Biol. Phys. 29
647–55
Castro J R 1995 Results of heavy ion radiotherapy Radiat. Environ. Biophys. 34 45–8
Castro J R et al 1997 15 years experience with helium ion radiotherapy for uveal melanoma Int. J. Radiat. Oncol.*Biol.*Phys. 39 989–96
Castro J R, Chen G T and Blakely E A 1985 Current considerations in heavy charged-particle radiotherapy: a clinical research trial of the
University of California Lawrence Berkeley Laboratory, Northern California Oncology Group, and Radiation Therapy Oncology
Group Radiat. Res. Suppl. 8 S263–71
Castro J R, Quivey J M, Lyman J T, Chen G T Y, Phillips T L, Tobias C A and Alpen E L 1980 Current status of clinical particle radiotherapy at
Lawrence Berkeley laboratory Cancer 46 633/8
Chapman J D, Blakely E A, Smith K C and Urtasun R C 1977 Radiobiological characterization of the inactivating events produced in
mammalian cells by helium and heavy ions Int. J. Radiat. Oncol. Biol. Phys. 3 97–102
Char D H et al 1993 Helium ions versus iodine 125 brachytherapy in the management of uveal melanoma. A prospective, randomized,
dynamically balanced trial Ophthalmology 100 1547–54
Chaumeaux A et al 1976 Scattering of 1.37 GeV α-particles by 12C Nucl. Phys. A 267 413
Chew M T, Bradley D A, Suzuki M, Matsufuji N, Murakami T, Jones B and Nisbet A 2019 The radiobiological effects of He, C and Ne ions as
a function of LET on various glioblastoma cell lines J. Radiat. Res. 60 178–88
Dal Bello R et al 2020 Prompt gamma spectroscopy for range veriﬁcation at synchrotron based facilities: experimental results from 1p, 4He,
12
C and 16O beams Phys. Med. Biol. 65 9

56

Phys. Med. Biol. 67 (2022) 15TR02

A Mairani et al

Dal Bello R et al 2019 Results from the experimental evaluation of CeBr3 scintillators for 4He prompt gamma spectroscopy Med. Phys.
(https://doi.org/10.1002/mp.13594)
Dal Bello R, Magalhaes Martins P and Seco J 2018 CeBr3 scintillators for 4He prompt gamma spectroscopy: results from a Monte Carlo
optimization study Med. Phys. (https://doi.org/10.1002/mp.12795)
Davuluri R et al 2017 Lymphocyte nadir and esophageal cancer survival outcomes after chemoradiation therapy Int. J. Radiat. Oncol. Biol.
Phys. 99 128–35
Deveaux M et al 2019 Observations on MIMOSIS-0, the ﬁrst dedicated CPS prototype for the CBM MVD Nucl. Instrum. Methods A 958
162653
Dickmann J et al 2020 Experimental realization of dynamic ﬂuence ﬁeld optimization for proton computed tomography Phys. Med. Biol. 65
195001
Ding X et al 2016a Spot-Scanning Proton Arc (SPArc) therapy: the ﬁrst robust and delivery-efﬁcient spot-scanning proton arc therapy Int. J.
Radiat. Oncol. Biol. Phys. (https://doi.org/10.1016/j.ijrobp.2016.08.049)
Ding X, Li X, Zhang J M, Kabolizadeh P, Stevens C and Yan D 2016b Spot-Scanning Proton Arc (SPArc) therapy: the ﬁrst robust and
delivery-efﬁcient spot-scanning proton arc therapy Int. J. Radiat. Oncol. Biol. Phys. 96 1107–16
Dokic I et al 2016 Next generation multi-scale biophysical characterization of high precision cancer particle radiotherapy using clinical
proton, helium-, carbon- and oxygen ion beams Oncotarget 7 56676–89
Durante M et al 2019 International biophysics collaboration meeting: book of abstracts 1st Int. Biophysics Collaboration Meeting (Darmstadt,
Germany, 20–22 May 2019) (GSI Helmholtzzentrum für Schwerionenforschung) p 110
Durante M, Brenner D J and Formenti S C 2016 Does heavy ion therapy work through the immune system? Int. J. Radiat. Oncol. Biol. Phys.
96 934–6
Durante M and Formenti S 2020 Harnessing radiation to improve immunotherapy: better with particles? Br. J. Radiol. 93 20190224
Durante M, Orecchia R and Loefﬂer J S. 2017 Charged-particle therapy in cancer: clinical uses and future perspectives Nature Reviews
Clinical Oncology 14 483/12
Elsasser T et al 2010 Quantiﬁcation of the relative biological effectiveness for ion beam radiotherapy: direct experimental comparison of
proton and carbon ion beams and a novel approach for treatment planning Int. J. Radiat. Oncol. Biol. Phys. 78 1177–83
Engeseth G M et al 2021 Mixed effect modelling of dose and Linear Energy Transfer correlations with brain image changes after intensity
modulated proton therapy for skull base head and neck cancer Int. J. Radiat. Oncol. Biol. Phys. (https://doi.org/10.1016/j.
ijrobp.2021.06.016)
Eulitz J et al 2019 Predicting late magnetic resonance image changes in glioma patients after proton therapy Acta Oncol. 58 1536–9
Fiedler F, Crespo P, Parodi K, Sellesk M and Enghardt W 2006 The feasibility of in-beam PET for therapeutic beams of 3He IEEE Trans. Nucl.
Sci. 53 2252
Fossati P et al 2012 Dose prescription in carbon ion radiotherapy: a planning study to compare NIRS and LEM approaches with a clinicallyoriented strategy Phys. Med. Biol. 57 7543–54
Fossati P et al 2016 Carbon ion radiotherapy: do we understand each other?How to compare differentt RBE-weighted dose systems in the
clinical setting Radiother. Oncol. (https://doi.org/10.1016/S0167-8140(16)30086-X)
Friedland W, Schmitt E, Kundrat P, Dingfelder M, Baiocco G, Barbieri S and Ottolenghi A 2017 Comprehensive track-structure based
evaluation of DNA damage by light ions from radiotherapy-relevant energies down to stopping Sci. Rep. 7 45161
Friedrich T, Scholz U, Elsässer T, Durante M and Scholz M 2013 Systematic analysis of RBE and related quantities using a database of cell
survival experiments with ion beam irradiation J. Radiat. Res. 54 494–514
Fuchs H et al 2012 A pencil beam algorithm for helium ion beam therapy Med. Phys. 39 6726–37
Fuchs H, Alber M, Schreiner T and Georg D 2015 Implementation of spot scanning dose optimization and dose calculation for helium ions
in Hyperion Med. Phys. 42 5157–66
Gehrke T et al 2018a Proof of principle of helium-beam radiography using silicon pixel detectors for energy deposition measurement,
identiﬁcation, and tracking of single ions Med. Phys. (https://doi.org/10.1002/mp.12723)
Gehrke T et al 2018b Theoretical and experimental comparison of proton and helium-beam radiography using silicon pixel detectors Phys
Med Biol. 63
Gehrke T, Amato C, Berke S and Martišíková M 2018 Theoretical and experimental comparison of proton and helium-beam radiography
using silicon pixel detectors Phys. Med. Biol. 63 035037
Giantsoudi D, Grassberger C, Craft D, Niemierko A, Troﬁmov A and Paganetti H 2013 Linear energy transfer-guided optimization in
intensity modulated proton therapy: feasibility study and clinical potential Int. J. Radiat. Oncol. 87 216–22
Giovannini G et al 2016 Variable RBE in proton therapy: comparison of different model predictions and their inﬂuence on clinical-like
scenarios Radiat. Oncol. (https://doi.org/10.1186/s13014-016-0642-6)
Glowa C et al 2021 Effectiveness of fractionated carbon ion treatments in three rat prostate tumors differing in growth rate, differentiation
and hypoxia Radiother. Oncol. 158 131–7
Goitein M 1972 Three-dimensional density reconstruction from a series of two-dimensional projections Nucl. Instrum. Methods 101 509–18
Goodhead D T et al 1992 Direct comparison between protons and alpha-particles of the same LET: I. irradiation methods and inactivation of
asynchronous V79, HeLa and C3H 10T½ cells Int. J. Radiat. Biol. 61 611–24
Grosse N, Fontana A O, Hug E B, Lomax A, Coray A, Augsburger M, Paganetti H, Sartori A A and Pruschy M 2014 Deﬁciency in homologous
recombination renders Mammalian cells more sensitive to proton versus photon irradiation Int. J. Radiat. Oncol. Biol. Phys. 88
175–81
Grün R, Friedrich T, Krämer M, Zink K, Durante M, Engenhart-Cabillic R and Scholz M 2015 Assessment of potential advantages of relevant
ions for particle therapy: a model based study Med. Phys. 42 1037–47
Guan F et al 2015 Experimental design for high-throughput in-vitro rbe measurements using protons, helium and carbon ions Med. Phys. 42
3675–3675
Guan F et al 2018 A mechanistic relative biological effectiveness model-based biological dose optimization for charged particle radiobiology
studies Phys. Med. Biol. 64 015008
Haas-Kogan D et al 2018 National cancer institute workshop on proton therapy for children: considerations regarding brainstem injury Int.
J. Radiat. Oncol. Biol. Phys. 101 152–68
Haberer T et al 2004 The heidelberg ion therapy center Radiother. Oncol. 73 186–90
Haberer T 2012 Charged particle therapy steps into the clinical environment International Journal of Modern Phys E 16 1205–20
Haberer T, Debus J, Eickhoff H, Jäkel O, Schulz-Ertner D and Weber U 2004 The heidelberg ion therapy center Radiother. Oncol. 73 186–90
Habrand J L, Lagalle P, Stefan D, Letac O, Longuemarre S, Chaustier A H and Meﬂah K 2015 The ARCHADE project: overview of clinical
program and business plan Proc. 54th PTCOG Meeting. Int. J. Part. Ther. 2 103–4

57

Phys. Med. Biol. 67 (2022) 15TR02

A Mairani et al

Hagiwara Y et al 2020 Inﬂuence of dose-averaged linear energy transfer on tumour control after carbon-ion radiation therapy for pancreatic
cancer Clin. Transl. Radiat. Oncol. 21 19–24
Hagiwara Y, Bhattacharyya T, Matsufuji N, Isozaki Y, Takiyama H, Nemoto K, Tsuji H and Yamada S 2020 Inﬂuence of dose-averaged linear
energy transfer on tumour control after carbon-ion radiation therapy for pancreatic cancer Clin. Transl. Radiat. Oncol. 21 19–24
Hansen D C, Bassler N, Sørensen T S and Seco J 2014 The image quality of ion computed tomography at clinical imaging dose levels Med.
Phys. 41 111908
Hansen D C, Sorensen T S and Seco J 2013 WE‐G‐141‐05: the image quality of ion computed tomography at clinical imaging dose levels Med.
Phys. (https://doi.org/10.1118/1.4815656)
Helm A et al 2018 Combining heavy-ion therapy with immunotherapy: An update on recent developments Int. J. Part. Ther. 5 84–93
Hoffmann A et al 2020 MR-guided proton therapy: a review and a preview Radiat. Oncol. 15
Hintz L et al 2022 Relative biological effectiveness of single and split helium ion doses in the rat spinal cord increases strongly with linear
energy transfer Radiotherapy and Oncology 170 224–30
Holm K M, Jäkel O and Krauss A 2021 Water calorimetry-based k Q factors for Farmer-type ionization chambers in the SOBP of a carbonion beam Phys. Med. Biol. 66 145012
Hori C, Aoki T and Seki T 2017 Varible-energy accelerator with large current for proton beam therapy Proc. to the 14th Annual Meeting of
Particle Accelerator Society of Japan pp 1306–9 (https://www.pasj.jp/web_publish/pasj2017/proceedings/PDF/IPP0/IPP005.pdf)
Horst F et al 2017 Measurement of charge- and mass-changing cross sections for 4He+12C collisions in the energy range 80–220 MeV/u for
applications in ion beam therapy Phys. Rev. C 96 024624
Horst F et al 2019 Measurement of 4He charge- and mass-changing cross sections on H, C, O, and Si targets in the energy range 70–220
MeV/u for radiation transport calculations in ion-beam therapy Phys. Rev. C 99 014603
Horst F, Schardt D, Iwase H, Schuy C, Durante M and Weber U 2021 Physical characterization of 3He ion beams for radiotherapy and
comparison with 4He Phys. Med. Biol. 66
Ibragimov B, Toesca D A S, Chang D T, Yuan Y, Koong A C, Xing L and Vogelius I R 2020 Deep learning for identiﬁcation of critical regions
associated with toxicities after liver stereotactic body radiation therapy Med. Phys. 47 3721–31
ICRU Report 93 2016 Prescribing, recording and reporting light ion beam therapy J. ICRU 16
Inaniwa T et al 2017 Treatment planning of intensity modulated composite particle therapy with dose and linear energy transfer
optimization Phys. Med. Biol. (https://doi.org/10.1088/1361-6560/aa68d7)
Inaniwa T et al 2020 Experimental validation of stochastic microdosimetric kinetic model for multi-ion therapy treatment planning with
helium-, carbon-, oxygen-, and neon-ion beams Phys. Med. Biol. 65 045005
Inaniwa T et al 2021 Adaptation of stochastic microdosimetric kinetic model to hypoxia for hypo-fractionated multi-ion therapy treatment
planning Phys. Med. Biol. 66 205007
Inaniwa T, Furukawa T, Kase Y, Matsufuji N, Toshito T, Matsumoto Y, Furusawa Y and Noda K 2010 Treatment planning for a scanned
carbon beam with a modiﬁed microdosimetric kinetic model Phys. Med. Biol. 55 6721–37
Inaniwa T and Kanematsu N 2018 Adaptation of stochastic microdosimetric kinetic model for charged-particle therapy treatment planning
Phys. Med. Biol. 63 095011
Inaniwa T, Kanematsu N, Hara Y and Furukawa T 2014 Nuclear-interaction correction of integrated depth dose in carbon-ion radiotherapy
treatment planning Phys. Med. Biol. 60 421–35
Inaniwa T, Kanematsu N and Inaniwa T 2018 Adaptation of stochastic microdosimetric kinetic model for charged-particle therapy
treatment planning Phys. Med. Biol. (https://doi.org/10.1088/1361-6560/aabede)
Inaniwa T, Kanematsu N, Noda K and Kamada T 2017 Treatment planning of intensity modulated composite particle therapy with dose and
linear energy transfer optimization Phys. Med. Biol. 62 5180–97
Inaniwa T, Kanematsu N, Sato S and Kohno R 2016 A dose calculation algorithm with correction for proton-nucleus interactions in nonwater materials for proton radiotherapy treatment planning Phys. Med. Biol. 61 67–89
Ingram S P, Warmenhoven J W, Henthorn N T, Smith E A K, Chadwick A L, Burnet N G, Mackay R I, Kirkby N F, Kirkby K J and
Merchant M J 2019 Mechanistic modelling supports entwined rather than exclusively competitive DNA double-strand break repair
pathway Sci. Rep. 9 6359
Itoh M et al 2011 Candidate for the 2+ excited Hoyle state at Ex∼10 MeV in 12C Phys. Rev. C84 054308 Candidate for the 2+ excited Hoyle
state at Ex∼10 MeV in 12CCandidate for the 2+ excited Hoyle state at Ex∼10 MeV in 12C
Iwata Y et al 2018 SUPERCONDUCTING GANTRY FOR CARBON-ION RADIOTHERAPY 9th International Particle Accelerator
Conference (IPAC2018) (Vancouver, BC, Canada) Superconducting gantry for carbon-ion radiotherapy; superconducting gantry for
carbon-ion radiotherapy (https://doi.org/10.18429/JACoW-IPAC2018-TUZGBF1)
Jäkel O 2020 Physical advantages of particles: protons and light ions Br. J. Radiol. 93 20190428
Jäkel O, Kraft G and Karger C P 2022 The history of ion beam therapy in Germany Zeitschrift für Medizinische Physik 32 6-22
Jia X et al 2012 GPU-based fast Monte Carlo dose calculation for proton therapy Phys. Med. Biol. 57 7783–97
Joens M et al 2013 Helium Ion Microscopy (HIM) for the imaging of biological samples at sub-nanometer resolution Sci. Rep. 3 3514
Johnson J et al 2019 Highly efﬁcient and sensitive patient-speciﬁc quality assurance for spot-scanned proton therapy PLoS One 14 e0212412
Jongen Y et al 2010 Compact superconducting cyclotron C400 for hadron therapy Nucl. Instrum. Methods Phys. Res. A (https://doi.org/
10.1016/j.nima.2010.09.028)
Kahalley L S et al 2020 Superior intellectual outcomes after proton radiotherapy compared with photon radiotherapy for pediatric
medulloblastoma J. Clin. Oncol. 38 454–61
Karger C P and Peschke P 2017 RBE and related modeling in carbon-ion therapy Phys. Med. Biol. 63 01TR02
Kase Y, Kanai T, Matsufuji N, Elsässer T and Scholz M 2008 Biophysical calculation of cell survival probabilities using amorphous track
structure models for heavy-ion irradiation Phys. Med. Biol. 53 37–59
Kempe J, Gudowska I and Brahme A 2007 Depth absorbed dose and LET distributions of therapeutic 1H, 4He, 7Li, and 12C beams Med. Phys.
34 183–92
Knäusl B et al 2016 Can particle beam therapy be improved using helium ions?—A planning study focusing on pediatric patients Acta Oncol.
(https://doi.org/10.3109/0284186X.2015.1125016)
Knäusl B, Fuchs H, Dieckmann K and Georg D 2016 Can particle beam therapy be improved using helium ions?—A planning study focusing
on pediatric patients Acta Oncol. 55 751–9
Kong L et al 2019 Carbon ion radiotherapy boost in the treatment of glioblastoma: a randomized phase I/III clinical trial Cancer
Commun. 39
Konings K, Vandevoorde C, Baselet B, Baatout S and Moreels M 2020 Combination therapy with charged particles and molecular targeting:
a promising avenue to overcome radioresistance Front. Oncol. 10 128

58

Phys. Med. Biol. 67 (2022) 15TR02

A Mairani et al

Kopp B et al 2020a Rapid effective dose calculation for raster-scanning 4He ion therapy with the modiﬁed microdosimetric kinetic model
(mMKM) Phys Med. 81 273-84
Kopp B, Meyer S, Gianoli C, Magallanes L, Voss B, Brons S and Parodi K 2020b Experimental comparison of clinically used ion beams for
imaging applications using a range telescope Phys. Med. Biol. 65 155004
Kopp B et al 2020c Development and validation of single ﬁeld multi-ion particle therapy treatments Int. J. Radiat. Oncol. Biol. Phys. 106
194–205
Krämer M et al 2016 Helium ions for radiotherapy?Physical and biological veriﬁcations of a novel treatment modality Med. Phys. 43
1995–2004
Laine A M, Pompos A, Timmerman R, Jiang S, Story M D, Pistenmaa D and Choy H 2015 The role of hypofractionated radiation therapy
with photons, protons, and heavy ions for treating extracranial lesions Front. Oncol. 5 302
Lawrence J H, Nelson W O and Wilson H 1937 Roentgen Irradiation of the hypophysis Radiology 29 446–54
Lawrence J H, Tobias C A, Born J L, Linfoot J A, Kling R P and Gottschalk A 1964 Alpha and proton heavy particles and the bragg peak in
therapy Trans. Am. Clin. Climatol. Assoc. 75 111–6
Lea D E 1947 Action of Radiations on Living Cells (New York: Cambridge University Press)
Leith J T et al 1977 Early and late effects of accelerated charged particles on normal tissues Int. J. Radiat. Oncol. Biol. Phys. 3 103–8
Leith J T, Ainsworth E J and Alpen E L 1983 Heavy-ion radiobiology: normal tissue studies Advances in Radiation Biology ed JT Lett vol 10
(New York: Academic) pp 191–236
Levy R P, Fabrikant J I, Frankel K A, Phillips M H, Lyman J T, Lawrence J H and Tobias C A 1991 Heavy-charged-particle radiosurgery of the
pituitary gland: clinical results of 840 patients Stereotact. Funct. Neurosurg. 57 22–35
Li Y et al 2019 Differential inﬂammatory response dynamics in normal lung following stereotactic body radiation therapy with protons
versus photons Radiother. Oncol. 136 169–75
Linfoot J A, Lawrence J H, Born J L and Tobias C A 1963 The alpha particle or proton beam in radiosurgery of the pituitary gland for
cushing’s disease New Engl. J. Med. 269 597–601
Linstadt D, Castro J, Char D, Decker M, Ahn D, Petti P, Nowakowski V, Quivey J and Phillips T L 1990 Long-term results of helium ion
irradiation of uveal melanoma Int. J. Radiat. Oncol. Biol. Phys. 19 613–8
Liu G et al 2020 A novel energy sequence optimization algorithm for efﬁcient spot-scanning proton arc (SPArc) treatment delivery Acta
Oncol. (https://doi.org/10.1080/0284186X.2020.1765415)
Liu Q et al 2015 Lung cancer cell line screen links fanconi anemia/BRCA pathway defects to increased relative biological effectiveness of
proton radiation Int. J. Radiat. Oncol. Biol. Phys. 91 1081–9
Llopart X et al 2007 Timepix, a 65 K programmable pixel readout chip for arrival time, energy and/or photon counting measurements Nucl.
Instrum. Methods A 581 485–94
Luoni F et al 2020 Beam monitor calibration for radiobiological experiments with scanned high energy heavy ion beams at FAIR Front. Phys.
0 397
Lysakovski P et al 2021 Development and benchmarking of a monte carlo dose engine for proton radiation therapy Front. Phys. (https://doi.
org/10.3389/fphy.2021.741453)
Maccabee H D, Madhvanath U and Raju M R 1969 Tissue activation studies with alpha-particle beams Phys. Med. Biol. 14 213–24
Maes D et al 2018 Advanced proton beam dosimetry part II: Monte Carlo vs. pencil beam-based planning for lung cancer Transl. Lung
Cancer Res. 7 114–21
Mairani A et al 2013 A Monte Carlo-based treatment planning tool for proton therapy Phys. Med. Biol. 58 2471–90
Mairani A et al 2016a Biologically optimized helium ion plans: calculation approach and its in vitro validation Phys. Med. Biol. 61 4283–99
Mairani A et al 2016b Data-driven RBE parameterization for helium ion beams Phys. Med. Biol. 61 888–905
Mairani A et al 2016c Data-driven RBE parameterization for helium ion beams Phys. Med. Biol. (https://doi.org/10.1088/0031-9155/61/
2/888)
Mairani A, Magro G, Tessonnier T, Böhlen T T, Molinelli S, Ferrari A, Parodi K, Debus J and Haberer T 2017 Optimizing the modiﬁed
microdosimetric kinetic model input parameters for proton and 4He ion beam therapy application Phys. Med. Biol. 62 N244–56
Mairani A, Mein S, Kopp B., Besuglow J, Dokic I, Naumann J, Harrabi S, Abdollahi A, Haberer T and Debus J 2020 Back to the Future:
Helium Ion Therapy 2020 International Journal of Radiation Oncology*Biology*Physics 108 S67–S68
Malouff T D et al 2020 Carbon ion therapy: a modern review of an emerging technology Front Oncol 10 82
Martins P M et al 2017 Prompt gamma spectroscopy for range control with CeBr3 Curr. Dir. Biomed. Eng. (https://doi.org/10.1515/
cdbme-2017-0023)
Martins P M, Dal Bello R, Ackermann B, Brons S, Hermann G, Kihm T and Seco J 2020 PIBS: proton and ion beam spectroscopy for in vivo
measurements of oxygen, carbon, and calcium concentrations in the human body Sci. Rep. 10 7007
Martisikova M et al 2018 Helium ion beam imaging for image guided ion radiotherapy Radiat. Oncol. 13 109
Martisikova M, Gehrke T, Berke S, Arico G and Jakel O 2018 Helium ion beam imaging for image guided ion radiotherapy Radiat. Oncol.
13 109
Mattei et al 2017 Secondary radiation measurements for particle therapy applications: prompt photons produced by 4He, 12C and 16O ion
beams in a PMMA target Phys. Med. Biol. 62 1438–55
McNamara A L, Schuemann J and Paganetti H 2015 A phenomenological relative biological effectiveness (RBE) model for proton therapy
based on all published in vitro cell survival data Phys. Med. Biol. 60 8399–416
Mein S et al 2018 Fast robust dose calculation on GPU for high-precision 1H, 4He, 12C and 16O ion therapy: the FRoG platform Sci. Rep. 8
14829
Mein S et al 2019 Biophysical modeling and experimental validation of relative biological effectiveness (RBE) for 4He ion beam therapy
Radiat. Oncol. 14 123
Mein S et al 2019a Dosimetric validation of Monte Carlo and analytical dose engines with raster-scanning 1H, 4He, 12C, and 16O ion-beams
using an anthropomorphic phantom Phys. Med. Eur. J. Med. Phys. 64 123–31
Mein S et al 2020 Assessment of RBE-weighted dose models for carbon ion therapy toward modernization of clinical practice at HIT: in vitro,
in vivo, and in patients Int. J. Radiat. Oncol. Biol. Phys. 108 779–91
Mein S et al 2021 Spot-Scanning Hadron Arc (SHArc) therapy: a study with light and heavy ions Adv. Radiat. Oncol. 6 1–14
Mein S, Tessonnier T, Kopp B, Schömers C, Harrabi S, Abdollahi A, Debus J, Haberer T and Mairani A 2022a Biological Dose Optimization
for Particle Arc Therapy using Helium and Carbon Ions International Journal of Radiation Oncology*Biology*Physics 22 S0360–3016
Mein S, Kopp B, Tessonnier T, Liermann J, Abdollahi A, Debus J, Haberer T and Mairani A 2022b Spot‐scanning hadron arc (SHArc)
therapy: A proof of concept using single and multi-ion strategies with helium, carbon, oxygen and neon ions Med. Phys. 50 1–16

59

Phys. Med. Biol. 67 (2022) 15TR02

A Mairani et al

Meyer S, Kamp F, Tessonnier T, Mairani A, Belka C, Carlson D J, Gianoli C and Parodi K 2019 Dosimetric accuracy and radiobiological
implications of ion computed tomography for proton therapy treatment planning Phys. Med. Biol. 64 125008
Michel F et al 1983 Optical model description of α+16O elastic scattering and alpha-cluster structure in 20Ne Phys. Rev. C 28 1904 Optical
model description of α+16O elastic scattering and alpha-cluster structure in 20Ne
Min C H, Kim C H, Youn M and Kim J 2006 Prompt gamma measurements for locating dose falloff region in proton therapy Appl. Phys. Lett.
89 183517
Minervini J V et al 2019 Compact, low-cost, light-weight, superconducting, ironless cyclotrons for Hadron radiotherapy (ﬁnal report) (https://
doi.org/10.2172/1505372)
Mishra K K et al 2015 Long-term results of the UCSF-LBNL randomized trial: charged particle with helium ion versus iodine-125 plaque
therapy for choroidal and ciliary body melanoma Int. J. Radiat. Oncol. Biol. Phys. 92 376–83
Mohan R et al 2020 Proton therapy reduces the likelihood of high-grade radiation-induced lymphopenia in glioblastoma patients: phase ii
randomized study of protons versus photons Neuro Oncol. (https://ncbi.nlm.nih.gov/pubmed/32750703)
Niemierko A, Schuemann J, Niyazi M, Giantsoudi D, Maquilan G, Shih H A and Paganetti H 2020 Brain necrosis in adult patients after
proton therapy: is there evidence for dependency on linear energy transfer (LET)? Int J Radiat Oncol Biol Phys 109 109–119
Nomura Y et al 2020 Fast spot-scanning proton dose calculation method with uncertainty quantiﬁcation using a three-dimensional
convolutional neural network Physics in Medicine & Biology 65 1–20
Norbury J et al 2020 Are further cross section measurements necessary for space radiation protection or ion therapy applications?Helium
projectiles Front. Phys. 8
Okonogi N et al 2020 Dose-averaged linear energy transfer per se does not correlate with late rectal complications in carbon-ion
radiotherapy Radiother. Oncol. 153 272–8
Ozoemelam, van der Graaf E, van Goethem M-J, Kapusta M, Zhang N, Brandenburg S and Dendooven P 2020 Real-time PET imaging for
range veriﬁcation of helium radiotherapy Front. Phys. 8 565422
Paganetti H et al 2002 Relative biological effectiveness (RBE) values for proton beam therapy Int. J. Radiat. Oncol. Biol. Phys. (https://doi.
org/10.1016/S0360-3016(02)02754-2)
Paganetti H 2014 Relative biological effectiveness (RBE) values for proton beam therapy. Variations as a function of biological endpoint,
dose, and linear energy transfer Phys. Med. Biol. 59 R419–72
Paganetti H 2017 Relating the proton relative biological effectiveness to tumor control and normal tissue complication probabilities
assuming interpatient variability in alpha/beta Acta Oncol. 56 1379–86
Paganetti H et al 2019 Report of the AAPM TG-256 on the relative biological effectiveness of proton beams in radiation therapy Med. Phys.
46 e53–78
Paganetti H et al 2021 Roadmap: proton therapy physics and biology Phys. Med. Biol. 66 1–61
Paganetti H, Niemierko A, Ancukiewicz M, Gerweck L E, Goitein M, Loefﬂer J S, Suit H D et al 2002 Relative biological effectiveness (RBE)
values for proton beam therapy Int. J. Radiat. Oncol. Biol. Phys. 53 407–21
Palma G, Monti S and Cella L 2020 Voxel-based analysis in radiation oncology: a methodological cookbook Phys. Med. 69 192–204
Palma G, Monti S, Conson M, Pacelli R and Cella L 2019 Normal tissue complication probability (NTCP) models for modern radiation
therapy Semin. Oncol. 46 210–8
Palma G, Monti S, Xu T, Scifoni E, Yang P, Hahn S M, Durante M, Mohan R, Liao Z and Cella L 2019 Spatial dose patterns associated with
radiation pneumonitis in a randomized trial comparing intensity-modulated photon therapy with passive scattering proton therapy
for locally advanced non-small cell lung cancer Int. J. Radiat. Oncol. Biol. Phys. 104 1124–32
Pantechnik 2021 [Online]. Available: (https://www.pantechnik.com)
Parisi A et al 2020 Development of a new microdosimetric biological weighting function for the rbe10assessment in case of the v79 cell line
exposed to ions from(1)h to(238)u Phys. Med. Biol. 65 235010
Parodi K and Polf J C 2018 In vivo range veriﬁcation in particle therapy Med. Phys. (https://doi.org/10.1002/mp.12960)
Particle Therapy Co-Operative Group (PTCOG) (https://ptcog.ch/) Particle therapy patient statistic (per end of 2019)
Peeler C R, Mirkovic D, Titt U, Blanchard P, Gunther J R, Mahajan A, Mohan R and Grosshans D R 2016 Clinical evidence of variable proton
biological effectiveness in pediatric patients treated for ependymoma Radiather. Oncol. 121 395–401
Pfuhl T et al 2018 Dose build-up effects induced by delta electrons and target fragments in proton Bragg curves—measurements and
simulations Phys. Med. Biol. 63 175002
Phillips M H, Kessler M, Chuang F Y, Frankel K A, Lyman J T, Fabrikant J I and Levy R P 1991 Image correlation of MRI and CT in treatment
planning for radiosurgery of intracranial vascular malformations Int. J. Radiat. Oncol. Biol. Phys. 20 881–9
Phillips T L et al 1982 In vivo radiobiology of heavy ions Int. J. Radiat. Oncol. Biol. Phys. 8 2121–5
Phillips T L, Fu K K and Curtis S B 1977 Tumor biology of helium and heavy ions Int. J. Radiat. Oncol. Biol. Phys. 3 109–13
Quantum Scalpel Project 2021 National Center of Radiological Sciences (NIRS), 2021.(https://www.qst.go.jp/site/innovative-projectenglish/quantum-scalpel.html)
Raju M 1980 Heavy Particle Radiotherapy (New York: Academic) 9780323147583
Raju M R et al 1971 Relative biologic effectiveness and oxygen enhancement ratio at various depths of a 910-mev helium ion beam Acta
Radiol. Ther. Phys. 10 353
Raju M R et al 1972 Measurement of oer and rbe of a 910 mev helium ion-beam, using cultured cells (t−1) Radiology 102 425
Raju M R, Amols H I, Bain E, Carpenter S G, Cox R A and Robertson J B 1978 A heavy particle comparative study. III: OER and RBE Br. J.
Radiol. 51 712–9
Randers-Pehrson G, Geard C R, Johnson G, Elliston C D and Brenner D J 2001 The Columbia University single-ion microbeam Radiat. Res.
156 210–4
Rieken S et al 2012 Proton and carbon ion radiotherapy for primary brain tumors delivered with active raster scanning at the Heidelberg Ion
Therapy Center (HIT): early treatment results and study concepts Radiat. Oncol. 7 1–7
Rockwell S et al 2009 Hypoxia and radiation therapy: past history, ongoing research, and future promise Curr. Mol. Med. (https://doi.org/
10.2174/156652409788167087)
Rohling H, Sihver L, Priegnitz M, Enghardt W and Fiedler F 2013 Comparison of PHITS, GEANT4, and HIBRAC simulations of depthdependent yields of β+-emitting nuclei during therapeutic particle irradiation to measured data Phys. Med. Biol. 58 6355
Rosenfeld A B 2016 Novel detectors for silicon based microdosimetry, their concepts and applications Nucl. Instrum. Methods Phys. Res. A
809 156–70
Rostek C, Turner E L, Robbins M, Rightnar S, Xiao W, Obenaus A and Harkness T A 2008 Involvement of homologous recombination
repair after proton-induced DNA damage Mutagenesis 23 119–29
Rovituso M et al 2017 Fragmentation of 120 and 200 MeV u−1 4He ions in water and PMMA targets Phys. Med. Biol. 62 1310–26

60

Phys. Med. Biol. 67 (2022) 15TR02

A Mairani et al

Rucinski A et al 2018 Secondary radiation measurements for particle therapy applications: Charged particles produced by 4He and 12C ion
beams in a PMMA target at large angle Phys. Med. Biol. 63 055018
Sapinski M 2020 Helium beam particle therapy facility arXiv 10.48550/arXiv.2008.08674 30 Sept 2020 Helium beam particle therapy facility
Sato H et al 2001 Measurements of double differential neutron production cross sections by 135 MeV/nucleon He, C, Ne and 95 MeV/
nucleon Ar ions Phys. Rev. C 64 034607
Sato H et al 2018 Features of particle and heavy ion transport code system (PHITS) version 3.02 J. Nucl. Sci. Technol. 55 684–90
Saunders W et al 1985 Helium-ion radiation therapy at the Lawrence Berkeley Laboratory: recent results of a Northern California Oncology
Group Clinical Trial Radiat. Res. Suppl. 8 S227–34
Saunders W et al 2006 Helium-ion radiation therapy at the lawrence berkeley laboratory: recent results of a northern california oncology
group clinical trial Radiation Research 104 S227-S234
Scifoni E, Tinganelli W, Weyrather W K, Durante M, Maier A and Krämer M 2013 Including oxygen enhancement ratio in ion beam
treatment planning: model implementation and experimental veriﬁcation Phys. Med. Biol. 58 3871–95
Sokol O et al 2019 Kill painting of hypoxic tumors with multiple ion beams Phys. Med. Biol. (https://doi.org/10.1088/1361-6560/aafe40)
Steinberg G K, Fabrikant J I, Marks M P, Levy R P, Frankel K A, Phillips M H, Shuer L M and Silverberg G D 1990 Stereotactic heavy-chargedparticle Bragg-peak radiation for intracranial arteriovenous malformations New Engl. J. Med. 323 96–101
Stewart R D et al 2018 A comparison of mechanism-inspired models for particle relative biological effectiveness (RBE) Med. Phys. (https://
doi.org/10.1002/mp.13207)
Suckert T et al 2021 Models for translational proton radiobiology—from bench to bedside and back Cancers 13
Schippers J M 2009 A novel design of a cyclotron based accelerator system for multi-ion therapy Proc. of HIAT09 (Venice, Italy) pp 74–8 TU11 (http://www.lnl.infn.it/∼HIAT09/papers/oral/TU11T.pdf)
Taleei R et al 2016 Monte carlo simulations of (3)he ion physical characteristics in a water phantom and evaluation of radiobiological
effectiveness Med. Phys. 43 761–76
Taylor J, Edgecock T, Green S and Johnstone C 2017 HEATHER - HElium Ion Accelerator for RadioTHERapy 8th International Particle
Accelerator Conference (Copenhagen, Denmark, 05/14-05/19/2017) HElium Ion Accelerator for RadioTHERapy (Conference) | OSTI.
GOV.’ [Online]. Available: (https://osti.gov/biblio/1421548). [Accessed: 04-Aug-2021] (https://doi.org/10.18429/JACoWIPAC2017-THPVA133)
Taylor J, Edgecock T R and Seviour R 2016 A ﬁxed ﬁeld alternating gradient accelerator for helium therapy 7th International Particle
Accelerator Conference (IPAC 2016)
Taylor P A, Kry S F and Followill D S 2017 Pencil beam algorithms are unsuitable for proton dose calculations in lung Int. J. Radiat. Oncol.
Biol. Phys. 99 750–6
Tessonnier T 2017 Treatment of low-grademeningiomas with protons andhelium ions Ludwig Maximilian University of Munich
Tessonnier T et al 2017a Helium ions at the heidelberg ion beam therapy center: comparisons between FLUKA Monte Carlo code
predictions and dosimetric measurements Phys. Med. Biol. 62 6784–803
Tessonnier T et al 2017b Experimental dosimetric comparison of 1H, 4He, 12C and 16O scanned ion beams Phys. Med. Biol. 62 3958–82
Tessonnier T et al 2017c Dosimetric veriﬁcation in water of a Monte Carlo treatment planning tool for proton, helium, carbon and oxygen
ion beams at the Heidelberg Ion Beam Therapy Center Phys. Med. Biol. 62 6579–94
Tessonnier T et al 2018 Proton and helium ion radiotherapy for meningioma tumors: a monte carlo-based treatment planning comparison
Radiat. Oncol. 13 2
Tessonnier T et al 2021 FLASH dose-rate helium ion beams: ﬁrst in vitro investigations Int. J. Radiat. Oncol. Biol. Phys. 0
Tian L, Huang Z, Janssens G, Landry G, Dedes G, Kamp F, Belka C, Pinto M and Parodi K 2020 Accounting for prompt gamma emission and
detection for range veriﬁcation in proton therapy treatment planning Phys. Med. Biol. (online ahead of print) (https://doi.org/
10.1088/1361-6560/ab7d15)
Tinganelli W and Durante M 2020 Carbon ion radiobiology Cancers 12 3022
Tobias C A, Anger H O and Lawrence J H 1952 Radiological use of high energy deuterons and alpha particles Am. J. Roentgenol. Radium Ther.
Nucl. Med. 67 1–27
Tommasino F and Durante M 2015 Proton radiobiology Cancers 7 353–81
Tommasino F, Scifoni E and Durante M 2015 New Ions for therapy Int. J. Part. Ther. 2 428–38
Toshiba Energy Systems & Solutions Corporation 2017 ‘The world’s ﬁrst Heavy ion beam rotating gantry using superconducting
technologies : Topics : Heavy Ion Therapy | [Online]. Available: (https://toshiba-energy.com/en/heavy-ion/topics/gantry-delivery.
htm). [Accessed: 04-Aug-2021]Toshiba Energy Systems & Solutions Corporation
Tsai J Y, Chen F H, Hsieh T Y and Hsiao Y Y 2015 Effects of indirect actions and oxygen on relative biological effectiveness: estimate of DSB
induction and conversion induced by gamma rays and helium ions J. Radiat. Res. 56 691–9
Tubin S, Yan W, Mourad W F, Fossati P and Khan M K 2020 The future of radiation-induced abscopal response: beyond conventional
radiotherapy approaches Future Oncol. 16 1137–51
Underwood T S A, Grassberger C, Bass R, MacDonald S M, Meyersohn N M, Yeap B Y, Jimenez R B and Paganetti H 2018 Asymptomatic
late-phase radiographic changes among chest-wall patients are associated with a proton RBE exceeding 1.1 Int. J. Radiat. Oncol. Biol.
Phys. 101 809–19
Unkelbach J et al 2018 Optimization of combined proton–photon treatments Radiother. Oncol. 128 133–8
Unkelbach J, Botas P, Giantsoudi D, Gorissen B L and Paganetti H 2016 Reoptimization of intensity modulated proton therapy plans based
on linear energy transfer Int. J. Radiat. Oncol. Biol. Phys. 96 1097–106
Unkelbach J and Paganetti H 2018 Robust proton treatment planning: physical and biological optimization Semin. Radiat. Oncol. (https://
doi.org/10.1016/j.semradonc.2017.11.005)
Valle SM et al 2019 FOOT: a new experiment to measure nuclear fragmentation at intermediate energies Perspect. Sci. 12 100415
Vatner R E et al 2018 Endocrine deﬁciency as a function of radiation dose to the hypothalamus and pituitary in pediatric and young adult
patients with brain tumors J. Clin. Oncol. 36 2854–62
Volz L et al 2020 Experimental exploration of a mixed helium/carbon beam for online treatment monitoring in carbon ion beam therapy
Phys. Med. Biol. 65 055002
Volz L et al 2017 Stopping power accuracy and achievable spatial resolution of helium ion imaging using a prototype particle CT detector
system Current Directions in Biomedical Engineering 3 401–4
Volz L, Collins-Fekete C A, Piersimoni P, Johnson R P, Bashkirov V, Schulte R and Seco J 2017 Stopping power accuracy and achievable
spatial resolution of helium ion imaging using a prototype particle ct detector system Curr. Directions Biomed. Eng. 3 401
Volz L, Piersimoni P, Bashkirov V A, Brons S, Collins-Fekete C A, Johnson R P, Schulte R W and Seco J 2018 The impact of secondary
fragments on the image quality of helium ion imaging Phys. Med. Biol. 63 195016

61

Phys. Med. Biol. 67 (2022) 15TR02

A Mairani et al

Volz L, Piersimoni P, Bashkirov V A, Brons S, Collins-Fekete C-A, Johnson R P, Schulte R W and Seco J 2018 The impact of secondary
fragments on the image quality of helium ion imaging Phys. Med. Biol. 63 195016
Votta LG et al 1974 Elastic proton scattering from 3He and 4He and the 4He(p,d)3He reaction at 85 MeV Phys. Rev. C 10 520
Wakasa T et al 2007 New candidate for an alpha cluster condensed state in 16 O(α, α′) at MeV’ Phys. Lett. B 653 173
Wedenberg M, Lind B K and Hårdemark B 2013 A model for the relative biological effectiveness of protons: the tissue speciﬁc parameter α/β
of photons is a predictor for the sensitivity to LET changes Acta Oncol. 52 580–8
Wiktor S et al 1981 Elastic scattering of 120, 145 and 172.5 MeV α-particle by 12C, 24Mg and 27Al and optical model analysis Acta Phys. Pol. B
12 491
Willers H, Allen A, Grosshans D, McMahon S J, von Neubeck C, Wiese C and Vikram B 2018 Toward a variable RBE for proton beam
therapy Radiother. Oncol. 128 68–75
Winkelmann T, Cee R, Haberer T, Naas B and Peters A 2012a Test bench to commission a third ion source beam line and a newly designed
extraction system Rev. Sci. Instrum. 83
Winkelmann T, Büchel A, Cee R, Gaffron A, Haberer T, Mosthaf J, Naas B, Peters A and Schreiner J 2012b Integration of a third ion source
for heavy ion radiotherapy at hit 20th International Workshop on Electron Cyclotron Resonance Ion Sources (ECRIS2012) TUPP03
(Sydney, Australia)
Wu C, Nguyen D, Schuemann J, Mairani A, Pu Y and Jiang S 2021 Applications of Artiﬁcial Intelligence in Particle Radiotherapy arXiv.2102.
03061 5 Feb 2021
Zakaria A M et al 2020 Ultra-high dose-rate, pulsed (ﬂash) radiotherapy with carbon ions: generation of early, transient, highly oxygenated
conditions in the tumor environment Radiat. Res. 194 587–93
Zhang R, Taddei P J, Fitzek M M and Newhauser W D 2010 Water equivalent thickness values of materials used in beams of protons, helium,
carbon and iron ions Phys. Med. Biol. 55 2481–93

62

