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Abstract

Purpose Hadrons, i.e. particles that are heavier than electrons, are playing an increasingly important role in radiation oncol-
ogy. Due to the high investment costs for the necessary infrastructure, this option is only available in specialized centers.
Methods This article describes some of the physical properties that make hadrons attractive for external beam radiation
therapy (EBRT), but also some of the challenges that need to be considered.

Results The importance of linear energy transfer for biological effects is discussed.

Conclusions In addition to the use of charged particles, the importance of neutrons for radiotherapy is also highlighted,
in particular the properties of boron neutron capture therapy (BNCT), which open up completely new possibilities for the

further development of EBRT.

Keywords Hadrontherapy - Proton therapy - Light ion therapy - Heavy ion therapy - Fast neutron therapy - Boron neutron
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1 Introduction

In daily clinical practice, external beam radiotherapy (EBRT)
is performed using photons with energies ranging from X-rays
to high mega-voltage photons up to 15 MV (even higher in
some places) and electrons up to 18 MeV. Over the last 6
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decades, however, dedicated centers have developed therapy
modalities based on heavier particles, namely hadrons. The
term “hadron” was coined by Okun [1] at the 1962 Interna-
tional Conference on High Energy Physics, where he called
strongly interacting particles “hadrons”, as opposed to lep-
tons, which do not undergo strong interactions. The Greek
term adpog means “large” or “massive” in contrast to Aezxzdc
which signifies “small” or “light”. Radiation sources for
such particles are technically challenging and expensive to
purchase and operate and therefore, for a number of years,
were only available in a few places worldwide. In the last
20 years, however, with the development and improvements
in accelerator technology, charged particles in particular have
found a permanent place in radiation oncology, whereby, at
least for therapy with protons, larger hospitals specializing in
tumor treatment can now provide affordable treatments. This
has led to a growing interest in the radiotherapy community
in therapy with hadrons in general, with the use of neutrons
for tumor treatment now also attracting great interest. In this
article we try to briefly explain the advantages that hadrons
can have in the treatment of patients.
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2 How to improve radiotherapy?

When we think about ways to improve radiotherapy, there
are two basic principles that we can apply.

The first is to improve the physical selectivity, with the
goal to apply a high dose to the tumor and a low dose to
the surrounding normal tissues. “Precision” is the term to
describe this approach, which has led to most of the pro-
gress made in radiation oncology over the last 30 years.
Here is the place for technological improvements, physics,
geometry, and imaging. Immense advances in computer
technology, which have made it possible to evaluate and
improve complex dose distributions in a volume, as well
as modern imaging technologies and ingenious beam guid-
ance systems, play an important role here. Charged parti-
cles also come into play in this approach. Sparing normal
tissues is resulting in less acute and late side effects. Dose
escalation in the tumor leads to improved local control
with potentially higher cure rates.

On the other hand, there is the possibility to improve the
differential effect of the radiation, with the goal to increase
the effects on the tumor and to reduce the effects on nor-
mal tissues. Radiobiology, combined treatments with radia-
tion and drugs, as well as the use of radiation with high
linear energy transfer (LET) are the key components of this
approach. In this article we concentrate on radiation qual-
ity and have to stress the latter point. Higher LET means a
high density of ionization per unit distance and results an
increased number of double strand breaks to the DNA that
are difficult to repair. In addition, this effect is not depending
on the concentration of oxygen in tissue resulting in a low
oxygen enhancement ratio (OER). It increases the relative
biological effectiveness (RBE) and leads to a small differ-
ential radiosensitivity between different cell lines. From a
clinical point of view, with a high LET radiation a higher
effectiveness can be expected in hypoxic, well-differentiated,
slow-growing and radiation-resistant tumors.

3 What kind of hadrons are used
for therapy?

The particles most commonly used in EBRT are negatively
charged electrons, which are accelerated in conventional
medical linear accelerators to be applied directly or to hit
a target that generates bremsstrahlung, which is used for
therapy. However, electrons are particles that are not affected
by the strong nuclear forces but are only subject to electro-
magnetic forces and belong to the family of lepton particles.
The mass of an electron is 9.109 383 7015x 107! kg [2],
which is about 1/1800 the mass of a proton or neutron.
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Hadrons, which are currently used for cancer therapy,
are charged particles such as protons and composite par-
ticles (e.g. helium ions, carbon ions) on the one hand
and uncharged particles, namely neutrons, on the other
(Table 1). Possible therapeutic advantages of using charged
particles result from their physical properties, especially
in the depth dose distribution. The energy deposited in the
tissue increases non-linearly; as the kinetic energy of the
charged particles decreases, it reaches an explosive maxi-
mum ("Bragg peak") at a depth dependent on the initial
energy, followed by a steep drop in dose (Fig. 1).

The LET capacity for protons is low and is around
0.5 keV/um at the beginning of the travel distance in the
tissue, where the velocity is highest. However, on the last
um of the range it reaches a maximum of approx. 100 keV/
pm. For helium ions, the maximum is reached at approx.
200 keV/pm. In order to be able to irradiate a tumor with
a given extent, the entrance energy is modulated in such a
way that a spectrum results whose Bragg peaks are evenly
distributed over the target volume, whereby a homogeneous
dose distribution is achieved in the target volume (Fig. 1).
This is called a spread-out Bragg-Peak (SOBP). The depth
dose distribution of a monoenergetic proton beam looks
extremely attractive, very low dose prior to the Bragg-Peak
and no dose at all behind. However, the sum of different
energies to cover the entire tumor also add up to increase
the entrance dose. Moreover, protons lack the build -up
effect therefore the dose to the superficial 3—5 mm of skin
can be higher than that of photons. The dose to skin of a 15
MYV photon beam is about 30% of the maximum dose, the
dose to skin of a proton beam to treat a larger, deep-seated
tumor is between 60 and 80% of the maximum dose. A
clear advantage of protons is the steep drop in dose after
the Bragg peak and the low lateral penumbra, both of which
lead to a reduction in dose in normal tissues. The path of
helium ions in tissue at depth is remarkably straighter com-
pared to protons and this explains the increasing interest in
this particle for a further optimized dose distribution com-
pared to protons.

Carbon ions were introduced into clinical practice in 1994
by the National Institute of Radiological Sciences (NIRS)
in Chiba, Japan, with the Heavy Ion Medical Accelerator

Table 1 An overview of particles used for irradiating malignancies

Hadrons used in radiation oncology

Type Why are they used
protons precision
helium ions higher precision at depth

high LET
precision and high LET

fast neutrons
carbon ions

BNCT cellular targeting and high LET
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Fig. 1 The blue line represents 1
the Bragg Peak of the 65 MeV
proton beam of the MEDICYC
facility at the Centre Antoine
Lacassagne in Nice. The orange
line is the depth dose distribu-
tion of a SOBP covering a
volume of 1.5 cm thickness.
The graphs are measured using
a silicon diode in a water tank
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(HIMAC). Carbon nuclei are 12 times heavier than protons
and have a high LET value, which makes them a fascinating
modality for the treatment of large, hypoxic and radioresist-
ant tumors. Moreover, carbon ion LET can be considered
high only in the last portion of their path so they can be used
to apply high LET radiation in the target volume without
exposing the uninvolved tissue in the entrance channel to
high LET. Compared to fast neutron therapy, which was the
first high-LET radiation modality used to treat cancer [3],
the dose distribution can be applied with higher precision.
Compared to protons and helium ions, the depth dose dis-
tribution of carbon ions is more complex and the end of the
range after the SOBP is less precise due to the fragmenta-
tion of some of these large particles into smaller ions. The
LET of a carbon ion beam is different from one voxel to
another, which explains the need for using models to cal-
culate the applied dose. Unfortunately, different models are
used for calculating the RBE-weighted dose which make it
difficult to compare the dose values reported in the different
countries [4, 5]. Currently carbon ion beams are available in
only few countries (South-East Asia and Europe). They have
been used with excellent results in many tumors where local
control was difficult to achieve with other modalities [6, 7].

For clinical applications, 2 different qualities of neutrons
must be distinguished by their kinetic energies, which lead
to different interactions with matter. Fast neutrons (for medi-
cal purposes in the range of 1 MeV -18 MeV) essentially
interact through elastic and inelastic scattering. The effect
of elastically scattered neutrons on the water molecules in
tissue produces recoil protons, which in turn represent the
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ionizing radiation that causes biological effects. Thermal
neutrons (E <0.5 eV) lead to nuclear reactions. Both neutron
qualities are used for cancer treatment Fast Neutron Therapy
(FNT) and Boron Neutron Capture Therapy (BNCT) respec-
tively. Already shortly after the discovery of the neutron
by Chadwick in 1932 [8], their use against cancer has been
proposed. Stone and Larking carried out the first treatments
with FNT as early as 1938, which led to poor results [9,
10]. After very extensive radiation biological investiga-
tions, FNT restarted in the 1960s with great enthusiasm and
amazing good tumor response [11]. The challenge in fast
neutron therapy was the selection of the tumor entities that
are expected to benefit from the differential action of high
LET radiation on tissues. An evidence-based advantage of
FNT over low LET irradiation has been established in clini-
cal trials for well-differentiated salivary gland tumors [11].
However, an increased appearance of unexpected late effects
on normal tissues observed after an observation period of
some years was used as an argument against FNT [3]. These
late severe toxicities were controlled by advanced treatment
planning and optimized beam delivery (e.g. isocentric gan-
tries, multileaf collimators, intensity modulated fast neu-
tron therapy). Nevertheless, the bad reputation of fast neu-
trons was overruling the good results obtained by a rapidly
decreasing number of centers and carbon ions are replacing
them [12, 13]. Nowadays only one place in the world offers
a fast neutron beam fulfilling all modern requirements (Uni-
versity of Washington Medical Cyclotron Facility).
Thermal neutrons are needed for Boron Neutron Cap-
ture Therapy (BNCT). The basic idea to use neutron capture
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reactions in cancer treatment was published by Locher in
1936 [14]. Early BNCT trials in the 1950ies also were not
leading to clinical success [15]. After successful pioneer-
ing work in Japan by Hiroshi Hatanaka using thermal neu-
trons at a research reactor for intraoperative BNCT [16, 17]
international efforts restarted [16]. Despite promising clini-
cal observations, the impact of BNCT has so far remained
low, as the required radiation quality was only available at
research reactors [18]. Recent developments in accelerator
technology are now making BNCT facilities available in
hospitals, marking a new and hopefully successful start for
this auspicious modality. We are observing a rapidly grow-
ing number of such systems and hope to see the results of
modern controlled, prospective clinical studies.

4 How does BNCT work?

BNCT requires two independent agents: a high-intensity
neutron beam with low energy ("epithermal") and a drug
containing the non-radioactive isotope '°B which prefer-
entially accumulates in the tumor cells. Neither of these
alone has any effect on the tumor. BNCT utilizes the high
probability of the non-radioactive nuclide '°B to capture
thermal neutrons (cross section oy, 3,835 b), which leads
to the prompt nuclear reaction '°B(n,a)’Li. The products
of this reaction have high LET characteristics (o particle
approximately 150 keVum™!, “Li-nucleus approximately 175
keVum™") [15]. The path lengths of these particles are in the
range of 4.5 um to 10 um resulting in an energy deposition
limited to the diameter of a single cell. This makes it pos-
sible to selectively irradiate tumor cells that have absorbed
a sufficient amount of '°B while sparing normal cells in the
immediate vicinity, which contain less 108, BNCT has two
different targeting mechanisms that work independently
of each other. On the one hand, the drug is transported to
the tumor by biological systems, but it is not itself damag-
ing to cells. The neutrons are directed to the tumor area by
exposing it directly to the neutron field. Even a very high
concentration of '°B in an organ outside the tumor (e.g. in
the kidneys, if the drug is excreted via the urine) does not
damage this organ. This is a completely different situation
from targeted therapies with radioactive isotopes.

5 Why could BNCT represent a paradigm
shift in radiation oncology?

There is an inherent problem with all current therapy
techniques in radiation oncology: The target that has to be
destroyed is always defined as a volume of tissue. Normal
cells within the target volume also receive the full dose
and will be destroyed. Outside the target volume, there
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are onset/decay areas, where a biologically relevant dose
is delivered to normal tissues. Imaging techniques can
only reflect partial aspects of reality and the target vol-
ume will vary depending on the imaging modalities avail-
able. Ultimately, a physician must determine the volume
to be treated, which will vary between individuals, but also
depending on daily performance. Time is another factor
that plays an important role. The target will change location
and size over time. Even the most advanced conventional
external beam radiotherapy with photons or particles,
including adaptive radiotherapy, or alternative approaches
such as brachytherapy or intraoperative radiation therapy,
are means to mitigate these facts, but they cannot elimi-
nate them. BNCT represents a type of “disease-targeted”
therapy: The treated volume is determined at the biological
level and the treatment only damages cancer cells wherever
they are located, but not the normal tissue. The particles
responsible for the effect of BNCT irradiation have a high
LET value, but they are only released in cancer cells. This
makes it possible to successfully treat radiation-resistant
tumors without causing severe side effects to healthy struc-
tures, as was the case in the early days of fast neutron ther-
apy, for example. The protection of normal cells by BNCT
in a volume irradiated with high dose, makes it possible to
re-irradiate an area, where a local recurrence occurs after
high dose radiotherapy. Early clinical results strongly sup-
port this hypothesis [19-22].

While great progress has been made over the last decade
in the development of accelerator-based neutron sources to
replace research reactors, the pharmaceutical industry has
not been interested in investing in the development of boron
carriers. Although many boron compounds were synthe-
sized that could be used for BNCT, in no case was a real
drug development successfully completed. Since the end of
the 1960s, therefore, only two compounds (BPA and BSH)
have been available for the treatment of patients with BNCT
[23]. There is a lot of catching up to do here, although the
first promising results in terms of industry-sponsored drug
development are available [24, 25].

In summary, it can be stated that with the new technical
possibilities (accelerator-based systems), a neutron beam
with high intensity and low energy for BNCT can be inte-
grated into a hospital and thus a new and promising therapy
modality becomes available for everyday clinical practice.
This new therapy promises a solution for clinical problems
that currently cannot be treated or can only be treated with
little success.
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