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Abstract: Since its beginning at the Lawrence Berkeley Laboratory (LBL) in 1954, radiotherapy popularity
has grown steadily and today has become a standard approach for most cases, in combination with surgery and
chemotherapy. The experience gained from the pioneering work done at the Heavy-Ion Medical Accelerator
(HIMAC) in Japan, the Helmholtz Center for Heavy Ion Research (GSI) in Germany and the Paul Scherrer
Institute (PSI) in Switzerland established the ground for the use of protons and "“C ions, basing this choice
on their advantageous physical and radiobiological properties. However, the limited success rate in treating
radioresistant tumors combined with the concern of using heavy ions in pediatric cases and with the goal of
extending the application of charged particles for curing non-cancer diseases, opened up the opportunity to
consider other ions. The idea of finding the “optimal particle” for curing cancer has been substituted by an
approach where the selection is done case-by-case out of a pool of possible candidates ions. Experimental data
pointed to *He and '°O ions as the most promising species and several heavy ions centers have been designed
to offer the capability to deliver these particles. In this work, the physical processes of interest in particle
therapy are presented. The review focuses on nuclear reactions and summarizes the theoretical approaches
proposed for modeling them. Literature information have been screened to find available experimental data for
characterizing different types of interactions and identify the “gaps” that need to be filled to extend treatment
planning system (TPS) to new ions. The influence of electromagnetic and nuclear interactions on the depth
dose and lateral profiles is outlined for existing (protons and Carbon) and candidate (Helium and Oxygen) ions
in radiotherapy. The combination of these results with radiobiological and clinical considerations is used as a

baseline for discussing advantages and disadvantages of each ion.
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Introduction

Radiotherapy with ions has come a long way since its
beginning at the Lawrence Berkeley Laboratory (LBL)
(Berkeley, CA, USA) in 1954. The pioneering work
accomplished there set the ground for an unexplored but yet
promising approach to tumor treatment and opened new
perspectives in the field. Today, charged particle therapy
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(CPT) is a well-established strategy against cancer and its
combination with surgery and chemotherapy is becoming a
standard for most cases.

LBLs experience with heavy ions started about twenty
years later than protons and until 1993, when the Bevalac
facility was shutdown, almost 3,000 patients received
treatments mainly with beams of ‘He and *’Ne but also with
"C and "Ar ions. Encouraged by this work, Japan built the
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Heavy-lIon Medical Accelerator (HIMAC) at the National
Institute of Radiological Sciences (NIRS) in Chiba (Japan),
and became operational in 1994, electing to use "*C ions
as the standard radiation. At the same time a new delivery
solution (the scanning technique), which differs significantly
from the previous approach used at the LBL and HIMAC,
was developed at the Helmholtz Center for Heavy Ion
Research (GSI) in Darmstadt (Germany) using Carbon
ions and at the Paul Scherrer Institute (PSI) in Villigen
(Switzerland) using protons. Today, there are over fifties
proton therapy centers and ten "“C ions facilities operating
in the world (1). Following this trend, scientists focused on
establishing, tuning and optimizing the treatment procedure
for Carbon beams and protons only and the use of other
ions was overshadowed. However, once the community
gained knowledge and confidence in this methodology, it
has started to open up to new challenges and once again
has begun exploring the possibility to perform radiotherapy
with other ions.

Based on the physics and radiological data so far
collected, people abandoned the idea of finding the “optimal
particle” for curing cancer and instead has been more
inclined to an approach where the selection is done case-by-
case out of a pool of possible candidates ions.

The concern for induced secondary malignancies when
using Carbon ions on pediatric patients (2) has led to
look for a lighter alternative. Physics, biology and nuclear
interactions of new ions in cancer therapy for clinical
data collected in Berkeley for over 2,000 cases pointed to
Helium as the most attractive particle.

On the other hand, the rationale for choosing an ion
heavier than Carbon is to overcome the radioresistance
of very hypoxic tumors by using a higher linear energy
transfer (LET) radiation (3,4). The best candidate for this
application is Oxygen, which has also the advantage of
reducing the oxygen enhancement ratio (OER) (5-7).

On the basis of these considerations, several heavy
ions centers have been designed with the capability to
deliver also “He and '°O ions with energies in the therapy
range. For example, both species are already available at
Heidelberg Ion-Beam Therapy Center (HIT) (Heidelberg,
Germany) for research purposes.

An overview of the physical advantages and disadvantages
of Helium and Oxygen ions and their comparison with
protons and Carbon ions is presented in this review. The
nuclear interactions of interest are illustrated together
with the theoretical approaches proposed for modeling
them. The work also outlines the experimental data
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available in literature for the characterization of these
reaction processes and illustrates how they influence the
beam physical dosimetry in terms of depth dose and lateral
profiles. The considerations highlighted by the study will be
the platform for developing a wider discussion, where also
radiobiological and clinical points of view are taken into
account.

Nuclear interactions

When a new ion has to be implemented in a treatment
planning system (TPS), the following physical processes
have to be characterized and modeled: production of
secondary fragments from nuclear interactions, energy loss
and lateral scattering of primary and secondary ions. These
interactions modify the primary radiation composition,
energy and direction and thus influence its depth dose and
lateral profile.

Coulomb repulsions between the ion and the target
nucleus cause a lateral diffusion of the primary beam and
can be described with the Multiple Coulomb Scattering
(MCS) theory proposed by Moliere (8). The physical bases
of this approach have been extensively presented in several
books and reviews (9-11) and thus will not be discussed
here.

Fragmentation is caused by nucleus-nucleus interactions
via strong nuclear forces and the most popular approach
for its modeling is the abrasion-ablation (or cascade-
evaporation) theory. It is based on a two-steps process and
fully describe the peripheral collisions of the projectile with
the target nucleus adopting a geometrical approach. This
model has been accurately illustrated in several works (12-16).

In both stages, projectile and target fragments can be
created but they have pretty different characteristics in
terms of species, energy and angular distribution.

In the abrasion step, projectile fragments (pre-fragment)
retain almost the same velocity and direction of the
projectile (v~ v,) and approximately the same ratio of
mass over nuclear charge (A/Z); = (A/Z),. The fragments
momentum changes are well reproduced by Goldhaber’s
theory (17) and an accurate illustration can be found
in (18). The excitation energy gained in the abrasion
process can be described with two theories proposed by
Hiifner et 4/. (14) and Glauber et al. (13,15). The former
is based on the liquid drop model and the surface tension
is responsible for the excitation energy if the nuclear
structure is changed. The second theory, instead, relates
the excitation energy of the pre-fragment to the creation
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of vacancies in the Fermi distribution. When the projectile
is in its ground state, the nucleons move in the appropriate
nuclear potential well according to the Fermi gas model.
When a number of nucleons are removed from the
projectile, the wave functions of the remaining nucleons
are only slightly disturbed by the abrasion, meaning
that they will not adapt themselves to the deformation.
Therefore, the only consequence of the collision is the
creation of vacancies in the potential well. The excitation
energy is then given by the sum of the energies generated
by the creation of these holes with the respect the Fermi
surface.

In the ablation phase, instead, (A/Z); is smaller than
(A/Z), and the nuclear de-exitation (or evaporation
process) occurs through decay to the ground state by
emission of neutrons, protons and light nuclei as well as
by fission and emission of y-rays. During the whole de-
excitation phase there is a competition between these
different processes and in general this stage is described by
numerical statistical model, where the probability to create
a fragment from the pre-fragment decay depends on the
excitation energy gained in the abrasion step. Statistical
model for the ablation phase have been elegantly
formulated by Campi and Hiifner (16).

In all these processes, projectile fragments have a kinetic
energy spectrum peaked at the same energy of the primary
beam and they are mostly emitted in the forward direction
(19-22). Moreover, light secondary fragments, like protons
and neutrons, show tails in the kinetic energy spectra up
to twice the primary beam energy. This is possible because
of the Fermi momentum transferred from the nucleons
of the target nuclei. Nucleons inside the nuclei follow
the Fermi gas model and move with a momentum of
~250 MeV/c (23).

Target fragments, originated either through direct
abrasion in the collision with the beam particles or from
evaporation in the ablation stage, are emitted isotropically in
the rest frame of the target (and to a good approximation also
the laboratory frame). As the target nucleus is at rest before
the collisions, its fragments have a much lower energy than
those created by the projectile. Furthermore, particles with Z
higher than the primary beam can be produced through this
process. Target fragmentation creates high-LET secondaries,
whose value can exceed that of the primary ions especially for
light beams like protons and Helium.

For clarity, the definition of the different type of cross
section mentioned in this work are reported below. The
total reaction cross section (c,) refers to the probability of
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all the possible nuclear reaction channels in the interaction
of the ion with the target material via nuclear forces. The
total charge-changing cross section (o) is related to the
probability for a primary ion to change its charge but not its
mass. The probability to produce a fragment with different
charge (Z) from the projectile is called partial charge-

changing cross section (o). If the fragment type can be

pec
identified not only in Z but also in mass (A), the associated
cross section is referred to as total fragmentation cross
section (o). Double differential cross sections are related to
the probability of producing a fragment species at a certain
angle and with a given kinetic energy.

For beams above ~1 GeV/u, the total reaction cross
section is independent of the projectile energy and equal to
a geometrical cross section expressed by the Bradt-Peters

formula (24)
o,=mr, (A’ + A"~ ¢)’ (1]

where A; and A, are the mass of the target and the
projectile, respectively, c is the overlap transparency
parameter and ry is 1.1 fm. From the latter, the geometrical
roA'?. This

approach becomes less accurate in the therapeutic energy

nuclear radius can be calculated as r =

range, where all total reaction cross sections are energy-
dependent. For this reason, several corrections were added
to the Bradt-Peters formula and have been presented and
discussed elsewhere (9,25). This theory describes well the
interactions of heavy ions with matter and is very suitable
for modeling "°C and '°O ions in radiotherapy.

For proton beams, instead, no projectile fragmentation
occurs and the abrasion-ablation theory has to be replaced
by a one-step approach for modeling target fragmentation.
Protons can interact elastically or inelastically with the
target nuclei (26). In the former, the target nucleus remains
in its ground state with a recoil kinetic energy pretty small
so that the scattered proton will have nearly the same
velocity as prior the impact. This type of collision can
be described with an optical potential model (26). When
inelastic scattering occurs, instead, there is high momentum
transfer. The proton is scattered at a large angle and the
target nucleus is left in an excited state (26). When protons
interact directly with the target nucleons, reactions of
knockout and pickup take place.

One-step direct reactions, like the one mentioned above,
reproduce well also nuclear interactions of *He ions with
matter (27). In this approach, the fragmentation channels
are produced by processes of stripping, pickup, knockout
and total break up where the projectile may lose energy
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or have one or more nucleons transferred to the target or
removed. Fragments production of *He ions on a target
nucleus is a simpler mechanism than for heavier ions (as
"C or "*O) due to the limited combinations of possible final
states. The reaction channels for these processes are:

‘He+n+X
t+p+X
‘He+A—|d+d+X (2]
d+n+p+X
n+n+p+p+X

where X is the final target stage (27). The reaction channel
*He+A — n+n+p+p+X shows a complete breakup of the
Helium nucleus. This would lead to a more than three
body dissociation process and an example it is given by
the reaction p+'He — p+p+p+n+n. A phenomenological
approach for calculating the cross sections related to the
production of different fragment types (‘He, deuterons
and tritons) was proposed by Cucinotta et 4l. (27) with the
following formalism:

2 03 Y o
o, =47-5(W—1J[l—71+88,mj (14007477520 ) 70
=8.83 2 1l 0.3 ' 14 6.54JT /550 | e 77507438
7 =883 g e ) (16 Je
2 0.21(7/146)) _
03, :17[W—IJ{I+W o T/3000 [3]

where T is the projectile energy in MeV/u and Tt, the
energy threshold in MeV of the single reaction channels.
The cross section of the pickup process is defined as

—(7-7,,)"7 /11350
O oty = 48T [4]

Combining Egs. [3] and [4], the 'H production cross
section is then calculated as

3 1
0-1” = g o, 7O-pickup,3He + 6311 - 0'50-3m» 70'50-‘17[ckup,zHe 750-211 [5]

where o, is the total reaction cross section. The cross
sections calculated with Egs. [3-5] are expressed in mb.
This formalism was adopted in the new beam model for
*He implemented in TReatment Planning for Particles
(TRiP98) (28) and compared to the experimental data (29)
as illustrated in Figure 1. Measured breakup and pickup
cross sections agree with the model calculation within their
error bars (around 15% or less) and can be considered an
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acceptable result. In fact, it has been demonstrated that a
discrepancy up to 20% in the nuclear interactions models
implemented in the TPS has an impact on RBE-weighted
dose of the order of 1% and on the dose up to 10% at a
SOBP (30). This value gets smaller considering smaller
target volumes. For “He, once empirical total fragmentation
cross sections were implemented in TRiP98, dosimetry and
radiobiological experiments were performed and compared
with the code showing a good agreement (29).

All nuclear fragmentation processes described above
produce a mixed secondary radiation field that needs to be
characterized. Total charge-changing cross sections give
information on the primary beam flux attenuation when
traveling in matter while partial charge-changing cross
sections are related to the fragments build up. Additionally,
double differential cross sections of primary and secondary
particles are necessary to reproduce their kinetic energy
spectra and angular distribution.

These data represent a platform for TPS to predict the
correct number of ions that have to be delivered to the
tumor as well as to estimate the out-of-field dose. A major
complication in evaluating the delivered dose arises from
the fact that the LET distribution has to be known in each
point of the treatment volume (19,28,31).

Attenuation curves

Measurements of the primary beam absorption are essential
to gain information on the different interactions processes.
By comparing the number of primary particles impinging
on the target (N,), with those surviving the target (N), it
is possible to get the “survival fraction” of the beam in its
whole range. The slope of this survival curve provides an
estimate of the mean free path A, which can be expressed
in the form of a Beer-Lambert law N = Nye™”, and it is
proportional to the nuclear fragmentation cross section (A
= 1/Ny0, where Ny, is the number of atoms or molecules
inside the target). This parametrization cannot be applied
to protons. As explained in the section above, nuclear
interactions of protons with matter lead to the production
of secondary protons indistinguishable from the primaries,
which causes an increase of the proton yield instead of
an attenuation. However, for simplicity and an easier
readability of this section the word “attenuation” will be
used also for protons. Examples of survival curves for “C,
%0, *He and protons are presented in Figure 2.

For "“C and 'O ions, the data are well fit by a single
exponential function, meaning that the energy dependence
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Figure 1 Fragmentation cross sections for “H, 'H and "He in *He - p collisions. The plots show experimental data (symbols) and calculations
(dashed lines) of breakup, pickup and total production (sum of all production channels including breakup and pickup) cross sections for the
reaction p+'He as a function of the beam energy. For "H and *He, the contribution from breakup and pickup are also plotted separately.
Reused with permission from (29).
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Figure 2 Attenuation curves of “C, '°O, *He and protons. Data of *C are from Haettner et a/. (19); '°O data were collected at BNL; protons

and *He data are taken from Rovituso et al. (21); protons data were

of the total reaction cross section in this energy range
is small (32). Often it is difficult to identify the isotopes
of these heavy ions without a proper fragment separator
system, therefore only the total amount of carbon or oxygen
are measured giving information on the charge-changing
processes, which in this case are dominant.

Protons do not show an exponential decrease but a
build up with depth due to secondary protons produced
via nuclear interactions. For this reason, it is essential
that TPSs include modeling for target fragmentation
processes. For Helium instead, an exponential decrease
can be observed once a proper separation between ‘He
and its neutron-deficient isotope 'He is achieved. Once
the contribution of the latter has been subtracted, the A
calculated from the exponential fit of the *He data points
gives the total fragmentation cross section (21).
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taken at HIT and are courtesy of Dr. C. Schuy (GSI, Darmstadt).

. 12 .
Cross sections of protons and ~C ions

Carlson et al. (33) presented a database where total reaction
cross sections of protons interacting with all complex nuclei
at beam energies up to 1 GeV are collected. An overview
of the available experimental cross sections measured in
Hydrogen and Oxygen targets, of interest for therapy
applications, is presented in Figure 3 as a function of the
protons kinetic energy. Especially for p+'H and p+'°O
reactions, there is a big gap of experimental data in the
therapeutic energy range (between 50 and 230 MeV). For
protontherapy applications, it is essential to characterize the
cross sections related to the production of target fragments,
which might have a high-LET and thus give a significant
contribution to the dose deposited in the healthy tissue
between the entry channel and the Bragg peak (35). The

Transi Cancer Res 2017;6(Suppl 5):5914-S933
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Figure 3 Total reaction cross sections (c,) of protons on H and 0. Data taken from Carlson et /. (33). The dashed line represents the

model calculation using the Tripathi approach (34). Model calculations are courtesy of Dr. F Tommasino (TIFPA, Trento).

Italian National Institute of Nuclear Physics INFN) funded
experiment called FragmentatiOn On Target (FOOT) is
dedicated to the investigation of target fragmentation of
primary proton beams interacting with different targets and
will carry on an experimental campaign to fill the gaps of
available measured cross sections for this process.
Experiments to investigate Carbon fragmentation
relevant for therapy were mainly performed at GSI and
HIMAC. Golovchenko ez al. (36,37) measured the spatial
and momentum distribution of fragments produced in
water by ""C beams in the energy range of 110-334 MeV/u.
An extensive study of the Carbon interaction with thick
water targets has been presented by Haettner e 4/. (19) and
Gunzert-Marx et 4l. (20), which included double differential
cross sections and a characterization of secondary neutrons.
Schall et al. (38) studied the total charge-changing cross
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sections of "°C ions in polymethyl methacrylate (PMMA)
and water with energies between 190 and 600 MeV/u.
Schardt er al. (32) studied total charge-changing cross
sections for “C ions on water at 670 and 300 MeV/u.
Matsufuji et a/. (39) investigated fragmentation of a
290 MeV/u "C beam in water while Toshito et al. (40)
measured total and partial charge-changing cross sections of
200 and 400 MeV/u C ions in water and polycarbonate.
Total charge-changing cross sections of “C on elemental
targets have been studied by Zeitlin et al. (41), Ferrando
et al. (42) and Webber et 4l. (43) for carbon with energies
between 200 and 1,000 MeV/u impinging on graphite,
polyethylene, helium, aluminum, copper, lead and tin. The
combination of Graphite and Polyethylene data provides an
indirect measurement for Hydrogen and could be exploited
to estimate target fragmentation cross sections for proton

Transi Cancer Res 2017;6(Suppl 5):5914-S933
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from Schardt et al. (32), Schall et al. (38), Golovchenko et al. (36), Toshito et al. (40), Haettner et al. (19). Theoretical values of total reaction

cross section (o,) are calculated with the Sihver et 2/. model (25).

beams applying the cross section combination property (38).

A collection of total charge-changing cross sections
for "°C ions interacting with water is plotted in Figure 4
as a function of the beam kinetic energy. Total reaction
cross sections calculated with Sihver’s model are always
higher than the experimental data because the latter are
total charge-changing cross sections and thus only include
reaction channels where at least one protons have been
removed.

. 4 16y »
Cross sections of "He and "°O ions

As shown in Figure 5, the collection of published total
reaction cross sections of ‘He beam on elemental or tissue
equivalent targets revealed a “gap” in the therapeutic energy
range. Measurements of ‘He on protons, “C and '°O were
performed by Auce er al. (45) and Ingemarsson ez al. (46)
at low primary beam energy (below 100 MeV/u), while
studies published by Webber ez al. (43), Ferrando ez al. (42)
and Jaros et al. (48) presented total charge-changing cross
sections at energies above 500 MeV/u.

Two recent works of Marafini et /. (22) and Rovituso
et al. (21) studied the fragmentation of Helium in
tissue equivalent targets. The former measured angular
distributions and kinetic energy spectra of secondaries after
the Bragg peak for 102, 125 and 145 MeV/u ‘He beams
impinging on PMMA, from which double differential cross
sections could be estimated. The work of Rovituso et al.,
instead, focused not only on the double differential cross
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sections of the secondaries but also on the attenuation
of the primary beam flux in water and PMMA targets
at two energies (120 and 200 MeV/u). From the latter
measurement the mean free path A and the corresponding
total fragmentation cross section were estimated. The
results obtained in this work are presented in Table 1
together with predictions from three theoretical models
(25,34,49). As the calculations have no associated error,
a quantitative comparison between experimental and
theoretical values is not possible. Based on a qualitative
analysis, data reported in Table I indicate overall a fair
agreement.

The works of Schall et 4/. (38), Schardt et al. (32)
(complementary works) and MacCabee ez 4. (50), measured
total charge-changing cross sections of 'O beams
impinging on H,O targets. The results are presented
in Figure 6 together with a total reaction cross sections
calculated with the Sihver ez /. model (25). As for Figure 4,
theoretical values are higher than the experimental data
because they include also non-charge-changing reactions
channels. Weber er a/. (43) measured total and partial
charge-changing cross sections of '°O beam on Helium
target at 640, 1,600, 591 and 1,563 MeV/u, while Auce
et al. (45) and Ingemarsson et al. (46) measured total
reaction cross sections of ‘He beam on '°O target for energy
beam between ~70 and ~190 MeV/u. In order to implement
*He and "°O ions in radiotherapy, additional measurements
are required to fill the gap in the therapeutic energy range
and provide data to develop and verify the TPS models as

Transi Cancer Res 2017;6(Suppl 5):5914-S933
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Table 1 Mean free path A and total fragmentation cross section G
of 200 MeV/u *He in water and PMMA (21)

Study A (cm) oy (Mb)
H,O
Rovituso et al. (21) 47+6 63617
Kox et al. (49) 39 767
Sihver and Mancusi (25) 37 798
Tripathi et al. (34) 42 706
PMMA
Rovituso et al. (21) 38+4 3698+340

PMMA, polymethyl methacrylate.
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well as for benchmarking Monte Carlo transport codes.

Depth dose profile

The depth dose profile of a moderately relativistic charged
particle in matter is ruled by the energy loss through
electromagnetic Coulomb interactions (excitation or
ionization of the atomic shell electrons) and its theory has
been described extensively elsewhere (9,31). However,
the physical processes described in “Section Nuclear
interactions” can act as coadjuvant or antagonist to
ionization and thus impact the trend of the curve. The first
step for understanding advantages and disadvantages of

Transi Cancer Res 2017;6(Suppl 5):5914-S933



Translational Cancer Research, Vol 6, Suppl 5 July 2017

$923

4000

3500

3000

l\l‘l\“J[.l.l.IlI | TTTT

" Oiee [mb]
N [\
[=] (1]
(=1 [=]
o o
o
\‘\
\‘
K

O

I3 T
‘e, \-.-l.ull"
ln-:-n;l'

1500

1000

= Schardt et al

A

Maccabee et al

=151 Model

l|||.lI|l|l|l|l\lIlilllllllll\llllllll
'

°_|III|IIII|IIII|IIII

500 200 400

600 800 1000

Energy [MeV/u]

Figure 6 Collection of data from literature for characterizing the reactions 'O + H,O. Data points are total charge-changing cross sections

(G,0) from Schardt et a/. (32) and MacCabee et al. (50). The dashed line represents total reaction cross sections calculated with Sihver ez 4/.

model (25).

Helium and Oxygen in CPT is then to compare their Bragg
curves to protons and Carbon at similar penetration depths.
Experimental dose profiles in High Density Polyethylene
(HDPE) are reported in Figures 7,8.

For each pair, the energies have been selected so that the
ions have the same range. All curves are normalized to the
dose value at the entry channel and have been measured
at the NASA Space Radiation Laboratory (51) inside
Brookhaven National Laboratory (Upton, NY, US). A more
extensive collection of results can be found in the work of
"Tessonnier et al. (Figure 2) (52).

To investigate how the behavior of these curves is
influenced by the different interaction processes, three
regions have been identified as representative: the plateau in
the proximity of the entrance channel, the area around the
Bragg peak and the tail.

The slowing down mechanism is mainly dominated
by inelastic collisions with the target electrons and its
probability increases with decreasing ions velocity. If the
ions initial energy is high enough (i.e., for treating deep-
seated tumors), this region is rather flat as the LET is quasi-
energy independent. On the other hand, for low-energy
beams (~100 MeV/u), the rise is almost immediate as a small
drop of the beam kinetic energy results in a large increase
of the LET and hence of the dose deposited.

As ions penetrate deeper in the medium, both nuclear
fragmentation and multiple Coulomb scattering start
playing a major role. As illustrated by the ablation-abrasion
theory (Section “Nuclear interactions”), beam particles
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are substituted by lighter fragments of approximately the
same energy and thus lower LET. In first approximation,
the dose reduction 8D in this region is linear with the total
fragmentation cross section 6 and target areal density px (53):

sp~-ZNa

T

px (6]

Furthermore, primary ions deviate from their initial
direction due to multiple Coulomb scattering and end
up losing their energy outside the beam core. Both
Coulomb and nuclear processes cause a decrease of the
overall dose deposition along the initial direction which
counteracts the increase due to the slow down. On the
other hand, secondaries originated from projectile or target
fragmentation (Section “Nuclear interactions”) might have
a very high LET and thus contribute synergistically with
the dose increase due to the primary beam energy loss. The
LET dependence on Z° makes target fragmentation more
relevant for proton than for heavy ion beams.

In the proximity of the Bragg peak, elastic collisions with
the target nuclei begin to contribute significantly to the slow
down and eventually dominate the stopping process in the
last few pm of the ions path. The Bragg peak parameters are
defined by all interaction mechanisms discussed above. Its
height is strongly affected by nuclear fragmentation while its
width is dominated by the range straggling. The abrasion-
ablation theory states that v ~ v, and that most fragments
are produced with an energy similar to the primaries. In
addition, the Fermi momentum provides a further energy

Transi Cancer Res 2017;6(Suppl 5):5914-S933
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Figure 8 Measured Bragg curves of "C and "°O ions at several energies in High Density Polyethylene (HDPE).

boost which results in the production of light secondaries
with an energy up to twice as much the projectile energy.
These fragments, together with secondaries produced in the
proximity of the peak, have a range longer than the primary
radiation and keep depositing energy inside the target once
all projectiles have stopped, creating a tail.

On the bases of these considerations, the experimental
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Bragg curves of Figures 7,8 and from (52) can be discussed. In
the analysis, simulated depth dose profiles published in (54)
and shown in Figures 9-11 are also exploited.

To investigate the differences in the Bragg curves
behavior, the ratios 8D /6Dy, and 8D/8D, of the energy
deposited at a given depth have been calculated from
simulations with PHITS Monte Carlo code (55). The initial

Transi Cancer Res 2017;6(Suppl 5):5914-S933
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energies have been chosen so that the compared beams have
the same range. For each ion, thedD values are normalized
to the entry channel to eliminate the dependence from the
LET and highlight the effects of fragmentation, lateral

scattering and range straggling. A ratio equal to ~1 means
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that the Bragg curves of the two ions have the same trend.

Independently of the beam initial energy, the plateau
region for Helium and protons appears to have the same
trend and its ratio remains constant around 1 till the
beginning of the peak region (Figure 12). As protons can
only produce target fragments (i.e., particles with equal or
higher LET), there is no process that counteracts the slow
down. This is well illustrated in Figure 9, where both the
overall dose curve and the contribution from the primary
protons increases steadily with increasing target depth.

For Helium, nuclear fragmentation acts against the LET
change of the beam, resulting in a fall off of the energy
loss from the primary ions (curve labelled as “Prim *He”
in Figure 10). However, the Helium overall dose curve
(Figure 10), which includes also the contribution from
secondaries, and its comparison with protons in Figure 12
indicate that the two ions have the same trend, steadily
increasing their energy loss with increasing depth. This
result originates from fragmentation. The most abundant
secondaries produced by “He are protons, which also give
the highest contribution to the dose compared to all other
fragments in the plateau region. Secondary protons produce
target fragments and their depth dose curve follow the trend
typical of protons shown in Figure 9. The total charge-
changing cross section of *He is twice as high as protons
[636 (21) vs. 352 (49) mb for 200 MeV/u beams in water]

Transi Cancer Res 2017;6(Suppl 5):5914-S933
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but is only half than Carbon. Thus, the drop in energy
loss of the primary Helium caused by its fragmentation
(Figure 10) is compensated by the contribution from
secondary protons and results in an overall increase of the
dose deposition. The rate at which the dose increases is the
same for primary protons and Helium, as the ratio 6D/
8Dy, is ~1 over the entire plateau.

The behavior of the two ions starts deviating in the
peak region at 20 cm depth, where the ratio 8D,/8Dy,,
drops from 0.98 to 0.80 within 2 cm. The faster rise of
the Helium curve is mainly due to secondary fragments,
which mostly have similar (protons) or smaller (He) range
than the primary beam and thus stop upstream of the
peak. Fragmentation has also the effect of decreasing the
peak height, because less primary ions arrive to the target
location. These effects become more and more pronounced
at higher initial energies, where more material has to be
traversed by the beam to reach its stopping point. However,
even at 200 MeV/u, which is almost at the top end of
the therapeutic energy range, the Helium peak remains
1.27 times higher than protons (the ratio 8D /8Dy, at this
depth is equal to 0.79).

Immediately downstream of the *He Bragg peak, the
ratio 8D /3Dy, rises very sharply. This behavior is due to
the angular straggling, from which protons suffer much
more than Helium, and that causes a broadening of their
peak. Thus, while all *He ions have stopped, there is still a
large fraction of primary protons left. This region extends
several mm deeper than the ‘He beam stopping point. This
effect gets even more visible at low energies, where the
lateral straggling is more pronounced.
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Once all protons have ranged out, their dose curve drops
to zero while the Helium profile shows a tail caused by the
fragments (compare Figures 9,10).

The deviations between Oxygen and Carbon Bragg
curves are different than protons versus Helium as they
are both heavy ions and have a closer atomic mass number
and charge. The ratio 8D /8Dy, rises steadily from the
entrance channel up to a 6% increase at the Bragg peak
position. Figure 13 proves that for Carbon the dose
deposited by secondary fragments does not compensate for
the loss of primary ions, which has a much higher LET.
This is even more dramatic for Oxygen, which suffers
higher fragmentation as indicated by the data reported in
Figure 6 and Eq. [6]. In this case, the worst-case scenario
in therapy is given by the highest energy employed, which
is the one plotted in Figures 11,13. The curves illustrated
in Figure 8§ and from Tessonnier er al. (52) show that this
effect is attenuated at lower energies, where the primary
beam slowing down dominates the profile shape and the
dose begins to rise immediately at the entry channel. This
behavior is due to the fact that the dose deposition 8D
strongly depends on the beam energy in the therapeutic
range while the total charge-changing cross section o, is
quasi-constant as shown in Figures 4,6. The ratio 8D/8D
at the peak increases with increasing beam energies, starting
at around 0.8 and rising up to 1.06.

As for the ratio 8D, /8Dy, the source of the spike just
downstream of the '“O Bragg peak is lateral straggling,
which causes the "°C peak to be wider. However, in this case
this region spreads less than 2 mm after the peak because
the difference in lateral straggling between Oxygen and

Transi Cancer Res 2017;6(Suppl 5):5914-S933
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Carbon is not as severe as between protons and Helium.
The larger fragmentation cross section for '°O ions also

results in a higher and longer tail than for Carbon, which

extends several centimeters downstream of the Bragg peak.

Lateral profile

Nuclear fragmentation processes do not affect only the
depth dose profile but also the lateral beam distribution.
"To investigate this effect, Gottschalk et /. (26) proposed
to divide the lateral profile in two regions: the core,
which contains the primary beam contribution, and the
halo, i.e., the low dose region produced by the secondary
fragments. The single Coulomb scattering described
by Rutherford gives really small lateral deviations. In a
thin target, if the number of scattering events increases
but remains under few tens of interactions the process is
referred to as multiple scattering and it is difficult to model.
For a thick absorber, instead, the MCS is responsible
for the lateral diffusion, which is often parametrized
with a Gaussian distribution characterized by a standard
deviation o, given by the Highland approximation (11).
However, measurements of an ion beam lateral diffusion
in air and/or after some materials indicate that the simple
Gaussian approach cannot reproduce the halo region. This
effect is extremely important especially for protons and
must be addressed properly for a correct dose delivery in a
treatment. The lateral scattering in air, in monitor devices

© Translational Cancer Research. All rights reserved.
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placed along the beam line, in the energy modulator and
inside the patient’s body has to be correctly parametrized to
get a realistic, uniform and precise dose distribution around
the tumor volume.

Monte Carlo codes require a substantial amount of
computational time to simulate a scattered lateral dose
profile distribution, therefore analytical parametrizations
are implemented inside the TPS. A common approach used
in protontherapy has been proposed by Soukup ez a/. (56)
and describes the lateral dose distribution with a double
Gaussian function, one for reproducing the core and one
for the halo.

A study on possible parametrizations for protons
was performed by Bellinzona et /. (57), where different
functions were compared in terms of best x’, number of free
parameters and computational time (Figure 14). The work
proved that a function composed by the sum of a Gaussian
and a hyperbolic function (called Rutherford function)
is the best compromise in terms of free parameters and
computational time.

A previous study from Parodi ez 4. (58) used the double
Gaussian approach to describe also a scattered Carbon beam
profile and showed that the agreement is not very good
with the experimental data in the halo region. Several works
from Inaniwa er al. (59-61) show that a triple Gaussian
parametrization describes well the Carbon ions profile.
In all these works, the simulation given by the Monte
Carlo codes was definitely superior in terms of agreement

Transi Cancer Res 2017;6(Suppl 5):5914-S933
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with the experimental data but too consuming in terms of
computational time.

For *He and '*O beams new experimental data have
been published by Tessonnier ez al. (52). Different profiles
were compared at different depths (entrance, plateau and
near the Bragg peak), and they were parametrized with a
single Gaussian or a double Gaussian function. The results
indicated that the Gaussian component used to reproduce
the halo is broader for protons and gets narrower with
increasing beam charge (Figure 15).

Discussion

The physical properties of *He and '°O ions have been
presented in this work and compared with protons and
"C particles, respectively. The review focused on nuclear
interactions and how they influence the beam depth dose
curve and lateral profile.

Nuclear fragmentation changes the beam composition,
energy and spatial distribution. In a typical treatment, up
to 50% of Carbon ions break up while protons undergo
approximately 1% nuclear interactions per cm of water
traversed. The charge and LET of secondaries might be
lower or higher than the primary radiation and the majority
is emitted in the forward direction, although there is an
isotropic component. Fragments build up causes a drastic
dose reduction from its initial value at the entry channel,
effects the Bragg peak characteristics and deliver dose out-
of-field. Secondaries ranging out in the proximity of the
peak enhance the dose gradient between the plateau and the
peak while the loss of primary ions fragmented decreases
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the peak height. The residual dose deposited in the curve
tail also originates from fragments. Among the alternative
heavy ions considered here, Helium has the lowest total
fragmentation cross section and Oxygen the highest.
Lateral scattering, due to multiple Coulomb interactions
of the projectile with the target nuclei, causes the beam
(and its fragments) to deviate from the initial trajectory
and its probability increases with decreasing A and energy
of the ion. This effect becomes extremely important in the
proximity of the stopping point, where particles have very
little energy left, and leads to a broadening of the lateral
profile. Being the lightest particle, protons heavily suffer
lateral scattering, not only in the patient but also in any
beam line element, monitoring device and air gap.
Electromagnetic interactions with target electrons are
responsible for particles slow down. As the projectile energy
loss is proportional to its Z’, protons have the lowest LET
at the entry channel but also the lowest dose-averaged

LET (62) [LET"(E)] at the peak position, as indicated by
data reported in Table 2.

Fluctuations in energy loss are responsible for increasing
the Bragg peak width. At a given range, the relative energy
straggling compared to protons is 2 times smaller for
Helium, 3.5 time smaller for Carbon and 4 times smaller
for Oxygen.

The absolute dose profiles per unit fluence plotted in
Figure 16 (3) summarizes all physical properties mentioned
above.

To understand the rational of using other ions in
radiotherapy, the physical advantages have to be combined
with biology and clinical benefits. One of the fundamental
principles is to deliver a dose as high as possible to the
target volume and as low as possible to the healthy tissue
to avoid side effects. The LET is usually identified as a key
parameter to link the physical properties of the radiation
with its biological effects. Figure 16 shows that for beams
with 10 cm range in water Oxygen has the highest LET at
the peak but also at the entrance channel. Furthermore, a
heavier beam undergoes less lateral and range scattering
but its fragmentation tail is more pronounced. Light ions
deposit less dose along their path to the tumor, their tail
is small (Helium) or negligible (protons) but they suffer
more spatial spreading and their LET at the peak might
not be high enough to kill radioresistant tumors, as those in
hypoxic conditions.

All these features are enhanced or become negligible in
the calculation of a treatment plan, where several energies

are combined to produce a Spread Out Bragg Peak (SOBP)
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Table 2 LET at the entrance channel and LD(E) at the peak position of all ions with ~26 cm range in water. The former were calculated with

LISE++ program (63) while the latter are taken from (54)

lon type Energy (MeV/u) LET (keV/um) LET” (E) (keV/ pm)
Proton 202 0.45 5.41
‘He 200 1.81 32.30
c 391 11.17 277.00
*0 465 18.37 -
LET, linear energy transfer.
520 ‘ ' ' T ' tail forbids the application to those patients where the OAR
§ | — P | are located in a position which requires the treatment to be
4 . . . . . .
Né‘ He delivered with a single field. An example is the craniospinal
o5 168 7] irradiation for medulloblastoma illustrated in (2).
81 i Helium represents a very attractive alternative to
E current ions used in radiotherapy. It has a much smaller
g 10 7] lateral straggling than protons and close enough to
Q
& ] Carbon to produce a dose profile with sharp margins, as
% shown in Figure 17. Helium undergoes significantly less
g3 7 fragmentation than all other heavy ions and thus has a
£ ] limited dose tail behind the SOBP. Furthermore, it is the
_?‘% . only ion species that produces most of its secondaries
% 50 100 150 with equal or smaller range. Helium LET at the entrance

depth (mm H2O)

Figure 16 Absolute depth dose profiles in water of 117 MeV
protons, 117 MeV/u Helium, 220 MeV/u Carbon and 260 MeV/u
Oxygen calculated with TRiP98. Reused with permission from (3).

and the physical dosimetry is optimized on the bases of
biology data. An example is shown in Figure 17 (64), where
treatment plans for a chordoma of the skull base calculated
with the latest version of TRiP98 (28,29) are shown for
protons, Helium or Carbon ions.

The figure illustrates that only Carbon and Helium
beams spare the organs at risk (OAR) marked in yellow,
because their dose gradient at the margins is very sharp.
Instead, protons undergo enough lateral straggling to
smear the beam and irradiate also the OAR. Oxygen
would perform even better than Carbon and, having a
higher dose-averaged LET, would also cause a significant
reduction of the OER. On the other hand, the use of “C
ions on pediatric patients is very controversial because
of the concern for the risk of inducing secondary cancers
caused by the high-LET in the plateau and Oxygen would

be even worse. Furthermore, the unavoidable fragmentation
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channel is low and thus would not represent a concern for
pediatric cases as much as "“C. The LET"(E) increase at the
peak makes it more effective than protons in the treatment
of radioresistant tumors.

Conclusions

The physical processes illustrated in this review pointed
to the advantages and disadvantages of the current and
potential ions used in radiotherapy. When these data are
combined with radiobiology, it becomes clear that the idea
of a “magic bullet” optimal for all patients is impossible.
The most advantageous approach should select the ion type
on a case-by-case base. From this point of view, enlarging
the pool of candidate radiation would be very beneficial.
The data collected in this investigation indicate that Helium
represents an extremely valid alternative to protons and
Carbon, especially for pediatric patients. Unlike Helium,
Oxygen will be mainly used as a boost in combination to
protons or Carbon to treat radioresistant regions of the
tumor which require a high LET to be killed.

One of the first steps to accomplish this goal is to have
TPSs optimized for the new ions, either extending the

Transi Cancer Res 2017;6(Suppl 5):5914-S933
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Figure 17 Treatment plan for a chordoma of the skull case calculated with protons, Helium and Carbon ions with TRiP98 including the

application of the local effect model in its recent version (LEM IV) to predict the RBE in the irradiated tissue. Reused with permission

from (64).

existing versions or developing new ones. Experimental data
available in literature to characterize the physical processes
of interest discussed here showed a “gap” in the therapeutic
energy region and call for additional measurements. On the
other hand, existing theoretical approaches can be already
adapted to model Helium and Oxygen interactions with
matter and thus to reproduce acceptable depth dose and
lateral profiles.
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