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Figure 1B

the method comprising: providing thermal neutron absorbing nuclides (such as
in the form of a high neutron cross-section agent) at the target volume; and pro-
ducing neutrons by irradiating nuclei in or adjacent to the target volume with a
beam of particles consisting of any one or more of protons, deuterons, tritons
and heavy ions, thereby prompting production of the neutrons through non-elas-
tic collisions between the atoms in the path of the beam (including the target)
and the particles. The neutron absotbing nuclides absorb neutrons produced in
the non-elastic collisions, thereby producing capture products or fragments that
irradiate the target volume.
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An Irradiation Method and System

Related Application

This application is based on and claims the benefit of the filing and priority dates of
AU application no. 2017903739 filed 14 September 2017, the content of which as

filed is incorporated herein by reference in its entirety.

Field of the Invention

The invention relates to irradiation method and system, of particular but by no means

exclusive application in irradiation of a biological material.

Background of the Invention

The principal aim of all forms of radiation therapy is to deliver the maximum
therapeutic radiation dose to the target, while sparing surrounding healthy tissue.
One of the greatest challenges of radiotherapy is to minimize its latent effects,
including the risk of secondary cancer, which can occur anywhere from five years to
many decades post-treatment [1-4]. The objective is to minimize normal tissue
complication probability (NTCP), which includes the probability of developing
treatment-induced cancers, by maximizing the conformity of the delivered dose to
the target volume [4, 5]. Technological advancements in radiotherapy (such as
intensity modulated radiotherapy, image-guided radiotherapy and particle therapies)
have enabled more accurate and selective targetting of tumours, while the use of
radiosensitisers increases the local biological efficacy of the therapeutic dose

relative to healthy tissues [6, 7].

Particle (or ‘hadron’) therapy is a form of radiotherapy in which a beam of highly
energetic protons or heavy ions are used to deliver a therapeutic radiation dose to a
treatment region. Monoenergetic beams of protons and heavy ions exhibit a very
well-defined Bragg peak with an energy-dependent maximum dose depth, allowing
highly conformal dose delivery. This depth-selectivity allows the treatment of deep
tissues without delivering a harmful dose to healthy tissues at other depths, making
proton/heavy ion therapy a superior treatment option than photon and electron
beams [6, 8, 9].

During particle therapy, most of the primary particles in the beam deposit their

kinetic energy through multiple electromagnetic interactions. However, a fraction of
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these particles will undergo non-elastic collisions with nuclei in the target. This
results in the production of a range of nuclear fragments at the target site, including
short-range, high-LET charged particles and neutrons which are emitted more or
less isotropically from the point of collision, and which deposit their energy in the
region surrounding the path of the incident ion beam [10, 11]. Unfortunately, these
fragments irradiate both target and non-target tissues indiscriminately, including
depositing a fraction of the beam’s kinetic energy outside the target volume [9, 12].
Such interactions are typically regarded as a nuisance, in particular when they occur
outside of the treatment region, as their existence undermines one of the main

advantages of particle therapy—that is, the large peak-to-plateau dose ratio.

Light water, the principal constituent of human tissue, has a moderate thermal
neutron cross-section (0.335 barns), which can be greatly increased by the
administration of agents containing isotopes such as '°B or '>’Gd with very high
neutron cross sections (3838 and 254000 barns, respectively). Non-elastic thermal
neutron interactions with water primarily result in hydrogen capture of the neutron
and the release of a high-energy gamma photon, but non-elastic thermal neutron
interactions with '°B or '*’Gd result in the production of energetic charged particles
with high relative biological effectiveness (RBE): this is the basic operating principle

of neutron capture therapy (NCT).

In NCT, the biological dose due to the presence of the capture agent depends on
the physical dose (which, in turn, depends on the concentration of neutron capture
agent), together with the relative biological effectiveness (RBE) of the secondary
particles as determined by the specific NCA. The latter factor varies significantly
between different cell types and context (i.e., in vitro versus in vivo); it is also
specific to each specific neutron capture agent. In BNCT literature this compound-
specific RBE factor is commonly referred to as ‘compound biological effectiveness’

(CBE), though most researchers working with gadolinium simply refer to it as RBE.

In the case of 1°B, the capture mechanism results in the production of several high
LET products [15]:

19B + g, — [MB]* — a+ "Li+ y(2.31 MeV)

Both the alpha particles and the lithium ions are high LET particles that produce

closely spaced ionizations in the immediate vicinity of the reaction, with a range of
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approximately 5 to 9 um, the diameter of the target cell [16, 17].

For the most widely used '°B-based neutron capture agent, '°B-4-borono-L-
phenylalanine °B-BPA), CBE values of 3.6-3.8 and 0.9-1.3 have been reported for
brain tumour cells and normal tissues, respectively, with tumour to healthy tissue
concentration ratios between 5:1 and 8:1 [14, 16, 17]. An alternative capture agent,
borocaptate sodium (BSH), has shown potential for NCT applications; the reported
range of CBE is between 1.2 and 2.3 in brain tumours and 0.37 to 0.5 in normal
tissues, although the uptake concentration ratio tends to be much lower than for
BPA (1.2-3.5 in the brain) [28]. The specific values differ for other target tissues,
with higher values of CBE reported for liver tumours for both agents (tumour/liver
CBE values of 9.94/4.25 and 4.22/0.94, and concentration ratios of 2.8/0.3 for BPA
and BSH, respectively) [26, 27, 39].

The '57Gd neutron capture reaction follows a somewhat different path, and results in

the production of an excited '*Gd nucleus and a high-energy gamma ray:

157Gd + Ny — [158Gd]* — 15Gd + y + 7.94 MeV

Upon relaxation of the excited state, internal conversion (IC) and low-energy Auger
electrons are produced, the latter responsible for the majority of the useful
therapeutic effects. Classified as a high-LET radiation, Auger electrons travel only a
very short distance (a few nanometers in tissue) before depositing their kinetic
energy, making them very effective if the source is concentrated in immediate
vicinity of a DNA molecule or vital organelles (such as mitochondria). A yield of 5
Auger electrons, 1.8 y photons and 0.69 IC electrons and 1.0 recoil nucleus has

been estimated for the thermal neutron capture reaction.

157Gd is of great interest for neutron capture therapy owing to its extremely high
thermal neutron cross-section—the highest of any stable isotope. Free Gd** ion is
highly toxic to organisms both in vitro and in vivo, but chelated Gd** compounds can
be used safely due to their physiological stability [45]. Very high cellular
concentrations of gadolinium can be achieved in vitro without significant cytotoxicity
(of the order of several thousand ppm). While gadolinium contrast agents such as
Gd-DOTA and Gd-DTPA are approved for use in humans diagnostically, neither

accumulates to significant concentration within the cell nucleus [40]. Amongst the

PCT/AU2018/051006
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experimental gadolinium compounds, motexafin-gadolinium (MGd) been proposed
as a potential candidate for GANCT [45]. It is a tumour-specific radiosensitiser, and
its combined use with whole-brain radiation therapy has reached Phase lll clinical
trials [53]. With a 70:1 tumour to healthy tissue uptake ratio, prolonged retention of
gadolinium in vitro (up to 2 months) and 90% uptake in glioblastoma cell nuclei, it is
a promising candidate for use in NCT [54-56]. Recent efforts towards the
development of DNA and mitochondria-targeting gadolinium agents has resulted in
a number of promising agents. Morrison et al.\ have reported on the development of
a tumour-cell selective mitochondrial agent designed for NCT applications, with

cellular concentrations of up to 3000~ppm [45].

Radiotherapy based on °B neutron capture with neutron beams from a nuclear
reactor is already an established radiotherapy modality, with a number of
accelerator-based epithermal neutron facilities under consideration in Russia,
Argentina, Italy and the U.K. [18, 19]. Two "°B delivery agents,
L-p-boronophenylalanine (L-"°BPA) and sodium mercaptoundecahydro-closo-
dodecaborate (Na; '°Bi2H11SH; Na? '"°BSH) have been used clinically to treat
patients suffering from glioblastoma multiforme and malignant melanoma, with
phase | clinical trials for the treatment of head and neck tumours and liver
metastases under way in Argentina, Finland, Sweden, Japan, Taiwan, and the
United States [20, 21]. However, treatment of tissues deeper than approximately
3 cm is not feasible with this technique, owing to the very high neutron fluence at
the surface which is required to achieve a therapeutic effect at the target—a

consequence of the neutron-moderating effect of the water in human tissue [22].

JP 2016/088895 A discloses a sensitizer for heavy-ion radiotherapy and a heavy-ion
radiotherapy, using a fluoridation porphyrinoid binding a boron compound as a
sensitizer for heavy-ion radiotherapy administered before the radiation of a carbon

ion ray to a tumour, or by using a substance containing a metal complex thereof.

JP 2014/177421 A discloses a sensitizer for proton beam therapy and a proton beam
therapeutic method. A fluorinated porphyrinoid binding a boron compound or a metal
complex thereof is employed as a sensitizer for proton beam therapy, and a proton
beam therapeutic method is disclosed in which this radiosensitizer is administered to
a mammal and then a tumour with accumulated radiosensitizer is irradiated with a

proton beam.
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KR 1568938 B1 discloses a radiation therapy and a diagnosis device using a proton
boron nuclear reaction, in which boron captured in a tumour is irradiated by protons

to produce three alpha particles that irradiate the region of the tumour.

WO 2017/048944 A1 discloses a method of using of high-Z nanoparticles in radiation
therapy, in which target cells are sensitized to ionizing radiation by administering the
high-Z particles in conjunction with a de-aggregation agent. The particles may

comprise a targeting molecule to enable cellular uptake by the target cells.
JP 2017/096672 A discloses a radiation dosimetry apparatus for use in particle beam
therapy system, which has a dose position analyzer that determines correction

values for correcting positional information on a fluorescent substance.

Summary of the Invention

According to a first broad aspect of the invention, there is provided an irradiation
method for irradiating a target volume, the method comprising:

providing thermal neutron absorbing nuclides (e.g. a high neutron cross-
section agent, such as '°B and/or '*’Gd) in or adjacent to the target volume, and

producing neutrons by irradiating nuclei (which may be, for example, in the
target volume, adjacent to the target volume, and/or be distributed throughout the
target volume) with a beam of particles (the ‘primary beam’) consisting of any one or
more of protons, deuterons, tritons and heavy ions (such as ionized “He (i.e. alpha
particles, which are generally regarded as heavy ions), C, O and Si—in particular but
by no means exclusively °C, 1°C, ''C, 12C, 150, '®*0 and high n isotopes of Si), thereby
prompting production of the neutrons through non-elastic collisions between the
nuclei and the particles;

wherein the neutron absorbing nuclides absorb neutrons (whether by neutron
capture or nuclear reactions) produced in the non-elastic collisions (that is, those of
the produced neutrons with suitable energies that interact with the neutron absorbing
nuclides), thereby producing capture products or fragments that irradiate the target

volume.

The method may include configuring the beam of particles so as also to irradiate the
target volume. Indeed, in some embodiments, if a sufficient thermal neutron fluence

is generated during—for example—particle therapy, that fluence can be exploited
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therapeutically via the administration of a suitable non-toxic neutron capture agent
containing °B or '5’Gd, preferentially absorbed by a tumour at an elevated
concentration compared to the surrounding normal tissue. This example, involving a
combined therapeutic modality, may be denoted ‘neutron capture enhanced particle
therapy’ (NCEPT).

Generally, it should be appreciated that the term “adjacent” is used in its broadest,
conventional sense, thus embracing both “next to or adjoining” and “nearby”, but is
limited by the requirement that the neutron absorbing nuclides absorb neutrons
produced in the non-elastic collisions between the irradiated nuclei and the particles
of the beam and in response produce capture products or fragments that irradiate the
target volume. Furthermore, the terms “nuclides” and “nuclei” are employed herein
because the reactions of interest occur with those species; it will be understood that
the relevant species—whether those interacting with the beam of particles (the
“nuclei”) or those provided for thermal neutron absorption (the “nuclides™)—are

generally present in atomic form.

Thus, a neutron field can be generated that may be broader than the (primary) beam
of particles—in some examples, 3 to 5 times broader. This also allows the targeting
of areas (the “target volume”) that is outside the volume targeted by or otherwise
impinged upon by the primary particle beam. Hence, the nuclei to be irradiated by
the primary particle beam can be outside the target volume (including—where
appropriate—outside the subject within which is located the target volume, or to
create a neutron field in a target volume deep within the subject). This provides a
mechanism for irradiation of solid tumours and their surrounding satellite lesions, as
well as diffuse cancers, or cancers that by nature are detected late (e.g. pancreatic,
stomach, liver, lung) that have involved critical organs in their vicinity, or indeed
parasites. In some cases, such as the last example or parasites, it may be desired to
irradiate the entire subject (such as a patient’s body) with neutrons, such that the

target volume is essentially coterminous with the subject or body.

It may be advantageous to configure the primary particle beam so as to deliver its
maximum energy outside the subject’s body (that is, with the Bragg peak is placed
outside the subject’s body), while the nuclei are located inside the subject (within
which is located the target volume) if it is desired to create a very broad neutron field,

such as to irradiate a target volume that includes a diffuse tumour. This technique
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may be suitable, for example, for treating parasitic organisms.

It is envisaged that the beam may comprise stable and/or radioactive isotopes.

In an embodiment, the beam comprises highly energetic protons and/or heavy ions.

It will be appreciated that some primary particles will be more suitable than others
according to application, especially in applications in which n-damage must be
weighed against benefit. For example, in the irradiation of some biological samples,
ions heavier than oxygen may be unsuitable, as their peak radiobiological
effectiveness may lead the peak of their physical dose deposition. It is expected that
the most useful primary beam particles, especially for biological applications, will be
(ionized) 'H, 2H, ®H, *H, °H, ®H, *He, “*He, °He, ®He, "He, ®He, °He, '°He, '®He, "*He,
QC, 10C, 11C, 12C, 13C, 14C, 15C, 16C, 17C, 18C, 19C, ZOC, 21C, 1207 1307 1407 1507 1607 1707
1807 1907 ZOO, 2107 2207 2307 2407 2507 260 and 280_

In another embodiment, the method includes providing the thermal neutron absorbing
nuclides in the form of a composition containing '°B and/or '’Gd. The composition

may be preferentially absorbed by a malignant target tissue.

In one embodiment, the capture products or fragments comprise energetic charged
particles. The capture products or fragments may comprise energetic charged

particles of high relative biological effectiveness.

In a further embodiment, the beam irradiates matter along its path (which may
include the target volume) in a spot scanning manner, a uniform scanning manner, a
fast scanning manner, raster scanning manner, and/or a passively scattered manner.
The beam may obtain appropriate energy by cyclotron or synchrotron. The
irradiation results in the production of thermal neutrons for subsequent capture by the

thermal neutron absorbing nuclides.

According to a second broad aspect of the invention, there is provided a method of
irradiating biological tissue (e.g. a tumour, invasive satellite lesions and/or intracranial
metastatic lesions—such as in the brain) using a proton, deuteron, triton or heavy ion
beam, the method comprising irradiating a target volume that includes the biological

tissue according to the method of the first aspect.

PCT/AU2018/051006
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In an embodiment, the target volume is inside a subject, and the point at which the

beam deposits its maximum energy (or ‘stops’) is outside the subject.

This aspect also provides a method of treating a patient by irradiating the biological

tissue.

In an embodiment, the target volume is inside the patient, and the beam deposits its

maximum energy (or ‘stops’) outside the patient.

According to this aspect, the method may further comprise applying an
immunotherapy in combination or conjunction with the irradiating of the biological
tissue. Itis envisaged that this may provide a mechanism for controlling/activating an

immune-regulatory response, such as to treat cancer and/or an autoimmune disease.

According to a third broad aspect of the invention, there is provided a method of
inhibiting growth of any one or more of a tumour, satellite lesion (e.g. one or more
invading satellite lesions) and/or a metastatic lesion (e.g. an intracranial lesion), the
method comprising:

dosing the tumour, satellite lesion and/or metastatic lesion (including more
than one thereof) with a composition comprising thermal neutron absorbing nuclides
(such as in the form of a high neutron cross-section agent); and

irradiating nuclei in or adjacent to the tumour, satellite lesion and/or
metastatic lesion with a beam of particles (the ‘primary beam’) consisting of any one
or more of protons, deuterons, tritons and heavy ions (such as ionized 4He, C, O and
Si), thereby producing neutrons through non-elastic collisions between nucleiin or
adjacent to the tumour, satellite lesion and/or intracranial metastatic lesion and the
particles;

wherein the neutron absorbing nuclides absorb neutrons produced in the non-
elastic collisions, thereby producing capture products or fragments that irradiate the

tumour, satellite lesion and/or intracranial metastatic lesion.

Thus, in some embodiments, a tumour (and possibly other malignant tissues) uptake
the neutron capture agent(s). The tumour is irradiated with the primary beam and a
broad neutron field is formed through fragmentation; the neutrons of that neutron field

are in turn captured by the tissues that have taken up the neutron capture agent,
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resulting in the emission of high LET by-products at cell level.

In certain other embodiments, a tumour, parasites and/or immunoregulators may
uptake the neutron capture agent. The primary beam of high energy is typically used
in such applications, with a point of maximum energy deposition outside the
body/patient/object that either includes or constitutes the target volume. A broad field
of neutrons is created inside the body/patient/object (in addition to a low dose
deposited along the path of the primary beam). Any organism or cell that has taken
up the neutron capture agent(s) receives a dose—which may be lethal—through the
emission of the by-products from the secondary capture (i.e. of neutrons by the

neutron capture agent or agents).

Inhibiting the growth of a satellite lesion and/or a metastatic lesion may be in the form
of inhibiting the growth of a plurality of satellite or metastatic lesions, or in the form of
inhibiting the development of one or more additional invasive satellite or metastatic

lesions.

For example, if a sufficient thermal neutron fluence is generated during heavy ion
therapy, it may be exploited (such as therapeutically) via the administration of a
suitable (generally non-toxic) composition (e.g. a '’Gd and/or '°B-bearing
composition), preferentially absorbed by the tumour, satellite lesion and/or
intracranial metastatic lesion at an elevated concentration compared to the

surrounding normal tissue.

In an embodiment, the beam comprises highly energetic protons and/or heavy ions.

In another embodiment, the method includes providing the thermal neutron absorbing
nuclides in the form of a composition containing '5’Gd and/or °B. The composition

may be preferentially absorbed by a malignant target tissue.

In a further embodiment, the capture products or fragments comprise energetic
charged particles. The capture products or fragments may comprise energetic

charged particles of high relative biological effectiveness.

The invention also provides a method for controlling an irradiation system,

comprising controlling the irradiation system to perform the method of any of the
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above aspects of the invention.

According to a fourth broad aspect of the invention, there is provided a computer-
implemented method of determining parameters for particle therapy, the method
comprising:

modelling or simulating (such as by Monte Carlo simulation), based on a set
of default or selected parameters (which may include neutron fluences, determined
either theoretically or empirically):

a) irradiation of nuclei in or adjacent to a target volume with a beam of
primary particles consisting of any one or more of protons, deuterons, tritons
and heavy ions (such as *He, C, O and Si);

b) production of neutrons through non-elastic collisions between the
nuclei in or adjacent to the target volume and the primary particles; and

¢) production of capture products or fragments released as a result of
neutron capture and nuclear reactions between at least one high neutron
cross section agent (such as °B and/or '57Gd) and thermal neutrons
produced from the non-elastic collisions between atoms in the target volume
and the primary particles (expressed, for example, in the form of total
biological effective dose);
determining a difference between the production of the capture products or

fragments with either (i) a predetermined template or desired production of the
capture products or fragments, or (ii) empirical validation data; and
generating a modified set of parameters (that is, typically by modifying one or

more of the parameters) according to the difference.

In an embodiment, the modelling further comprises modelling irradiation of a tissue
within the target volume by the capture products or fragments. The tissue may
comprise a tumour or a portion thereof, one or more (e.g. invading) satellite lesions

and/or one or more metastatic lesions.

In another embodiment, the modelling further comprises locating a composition

comprising the thermal neutron absorbing nuclides in the target volume.
The parameters may comprise any one or more of;

i) duration of irradiation;

ii) composition of the beam;

10
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iii) energy of the particles of the beam;

iv) peak radiobiological effectiveness of the particles of the beam,;

v) physical dose deposition of the particles of the beam;

vi) the composition;

vii) concentration (e.g. in parts per million or ppm) of the composition;
viii) spatial distribution of the composition;

ix) fluence of the produced neutrons;

X) target volume position relative to the beam; and

xi) ion specific radiobiological efficacy.

In a further embodiment, the method includes modelling or simulating the target
volume as a tissue equivalent material, such as PMMA (poly(methyl methacrylate)).
In one alternative, the tissue equivalent material comprises a skull phantom, such as

in the form of a phantom that simulates bone followed by muscle.

In one embodiment, the empirical reaction validation data comprises neutron fluence

data.

The method may include determining one or more sets of parameters for a particle

therapy parameter library.

According to this aspect, there is also provided computer software configured to,
when executed by one or more processors, implement the method of determining
parameters for particle therapy of this aspect. This aspect also provides a computer-

readable medium (which may be non-transitory), comprising such computer software.

According to a fifth broad aspect of the invention, there is provided an irradiation
system, comprising:
a particle source for supplying primary particles comprising any one or more
of protons, deuterons, tritons and heavy ions;
an accelerator for providing a particle beam by accelerating the particles;
an extraction beamline for extracting the particle beam from the accelerator;
one or more beam steering units configured to direct the particle beam; and
a control system for controlling the irradiation system;
wherein the control system includes or is configured to access an irradiation

program (typically comprising a set of particle therapy parameters) for implementing

11
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a predetermined irradiation of a target volume, the predetermined irradiation
comprising:

irradiating nuclei in or adjacent to the target volume with the particle
beam, thereby prompting production of neutrons through non-elastic collisions
between nuclei provided in or adjacent to the target volume and the particles,
whereby thermal neutron absorbing nuclides (such as in the form of a high neutron
cross-section agent) provided before irradiation at the target volume absorb neutrons
produced in the non-elastic collisions, thereby producing capture products or
fragments that irradiate the target volume (and possibly, in biological applications,

satellite lesions, parasites and/or metastatic lesions).

It will be appreciated that the particle beam in this (and each of the other aspects) will
commonly interact with other matter in its path, and therefore prompt the production
of neutrons through such additional non-elastic collisions. These neutrons may also
usefully contribute to the consequent neutron field that then interacts with the thermal

neutron absorbing nuclides.

In an embodiment, the irradiation program, or a set of parameters employed thereby,

is adapted or personalized for a specific target volume or subject.

In another embodiment, the irradiation system comprises beam cleaning and/or

scanning elements (e.g. proportional counters and filters).

In another embodiment, the particle source includes an ionizer for ionizing (and
optionally decomposing where required) hydrogen, helium, carbon dioxide, oxygen or
other feed gas. It will be appreciated by the skilled person that there are other
suitable techniques, and these may be employed as suitable. For example, an
oxygen beam may be obtained by fragmentation of QO in a beryllium target, and

separated using a fragment separator (FRS).

In an embodiment, the accelerator comprises a cyclotron or a synchrotron. The
accelerator may further comprise a linear accelerator for providing an initial
acceleration to the particles and feeding the cyclotron or a synchrotron.

In an embodiment, the target volume includes a tumour or part thereof, or one or

more micrometastases.

12
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According to a sixth broad aspect of the invention, there is provided a control system
for controlling an irradiation system, the control system comprising:

a particle supply controller configured to control a particle source of the
irradiation system, the particle source supplying primary particles comprising any one
or more of protons, deuterons, tritons and heavy ions;

an accelerator controller configured to control an accelerator of the irradiation
system, the accelerator providing a particle beam by accelerating the particles;

a beam steerer for controlling one or more beam steering units configured to
direct the particle beam; and

an extraction controller for controlling extraction of accelerated particles from
the accelerator;

wherein the control system includes or is configured to access an irradiation
program (typically comprising a set of particle therapy parameters) for implementing
a predetermined irradiation of a target volume, the predetermined irradiation
comprising:

irradiating nuclei in or adjacent to the target volume with the particle
beam, thereby prompting production of neutrons through non-elastic collisions
between nuclei in or adjacent to the target volume and the particles, whereby thermal
neutron absorbing nuclides provided before irradiation at the target volume (and
possibly, in biological applications, satellite lesions, parasites and/or metastatic
lesions) absorb neutrons produced in the non-elastic collisions, thereby producing

capture products or fragments that irradiate the target volume.

The system may comprise a treatment planning system (TPS) configured to
determine the irradiation program, such as based on a standard set of parameters for

the accelerator and subject data (e.g. medical images of the subject).

The system may further comprise a couch controller for controlling a position and/or
orientation of a subject couch one or more times, so as to locate the target volume
relative to a particle beam provided by the irradiation system to deliver the

predetermined irradiation.
In another aspect, the invention provides a method for controlling an irradiation

system, comprising controlling the irradiation system to perform the method of any

one of the first, second and third aspects.
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It should be noted that any of the various individual features of each of the above
aspects of the invention, and any of the various individual features of the
embodiments described herein including in the claims, can be combined as suitable
and desired. In addition, it is possible to provide various embodiments by combining
appropriately a plurality of components disclosed in the disclosed embodiments. For
example, some components may be deleted from the disclosed embodiments.

Further, the components of different embodiments may be combined appropriately.

Brief Description of the Drawing Figures

In order that the invention be better ascertained, embodiments will now be described,
by way of example, with reference to the accompanying drawing in which:

Figure 1A is a schematic view of an irradiation system according to an
embodiment of the present invention;

Figure 1B is a schematic view of a patient recumbent on a couch of the
irradiation system of figure 1A having a tumour irradiated by a beam of particles
generated by the irradiation system;

Figure 2 is a schematic view of the control system of the irradiation system of
figure 1A;

Figure 3 is a schematic view of the simulation configuration used for thermal
neutron fluence and spectra estimation in Example 1;

Figures 4A to 4F are plots of thermal neutron fluence (expressed in terms of
neutrons per unit area per primary and per gray of delivered dose) as a function of
depth resulting from irradiation of a PMMA phantom by monoenergetic proton, 2C
and '%O beams;

Figures 5A to 5C are three-dimensional visualisations of the thermal neutron
distribution resulting from irradiation of the PMMA phantom by monoenergetic 132
MeV/u, 153 MeV/u and 182 MeV/u proton beams, normalised per primary particle;

Figures 6A to 6F are two-dimensional thermal neutron fluence maps shown
on the XY and XZ planes, intersecting with the incident beam and the point of
maximum fluence, corresponding to the three-dimensional visualisations of figures
5A to 5C;

Figures 7A to 7C are three-dimensional visualisations of the thermal neutron
distribution resulting from irradiation of the PMMA phantom monoenergetic 250
MeV/u, 290 MeV/u and 350 MeV/u '“C beams, normalised per primary particle;

Figures 8A to 8F are two-dimensional thermal neutron fluence maps shown
on the XY and XZ planes, intersecting with the incident beam and the point of
maximum fluence, corresponding to the three-dimensional visualisations of figures
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7Ato 7C; and

Figures 9A to 9F are plots of thermal neutron fluence (expressed in terms of
neutrons per unit area per primary and per gray of delivered dose) as a function of
depth resulting from irradiation of a skull phantom by monoenergetic proton, '“C and
180 beams;

Figure 10 is a view of the simulation configuration used for pencil beam
thermal neutron fluence estimation in Example 2;

Figure 11A to 11D are plots of dose distribution resulting from 1 GyE carbon
ion beam treatment of a 50 mmx=x50 mmx50 mm volume (100-150 mm depth;
discrete beam energies range from 240-300 MeV/u in steps of 6 MeV/u): figure 11A
is an SOBP fitting (along YZ plane), figure 11B is a full volume rendering of dose
distribution, figure 11C is a centre slice (XY plane), and figure 11D is a centre slice
(YZ plane); and

Figure 12A to 12F are plots of normalised neutron fluence resulting from
irradiation of the 100—-150 mm target volume, in which contour lines represent fluence
as a percentage of the maximum value in the slice (with shading in the 3D figures
showing absolute fluence): figure 12A is a plot in the XY plane (proton), figure 12B is
a plot in the XY plane (carbon), figure 12C is a plot in the YZ plane (proton), figure
12D is a plot in the YZ plane (carbon), figure 12E is a 3D plot (proton), and figure 12F
is a 3D plot (carbon);

Figure 13 is a view of an experimental configuration employed to test certain
embodiments of the present invention;

Figure 14 is a plot of T98G cell line (two flasks) proliferation over 1 week,
irradiated with 3 Gy of carbon ions;

Figure 15 is a plot of T98G cell line proliferation over 1 week, incubated with
10B-BPA (black) and 157Gd-DOTA-TPP (gray), and irradiated with 3 Gy of carbon
ions;

Figure 16 is a plot of T98G cell line (two flasks) proliferation over 1 week,
irradiated with 3 Gy of helium ions;

Figure 17 is a plot of T98G cell line proliferation over 1 week, incubated with
10B-BPA (black) and 157Gd-DOTA-TPP (gray), and irradiated with 3 Gy of helium
ions;

Figures 18A to 18D are plots of T98G cell line cell proliferation versus time
(hours) post irradiation, up to a maximum of 7 days after irradiation, for cells
irradiated with 9 dose values of a carbon beam;

Figures 19A to 19D are plots of T98G cell line cell proliferation versus time
(hours) post irradiation, up to a maximum of 7 days (168 hours) after irradiation, for
cells irradiated with all 9 dose values of a helium beam (viz. 0 to 5 Gy); and
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Figures 20A to 20D present the same data as that of figures 19A to 19D,
respectively, but fitted with an exponential growth model.

Description of Embodiments

Figure 1A is a schematic view of an irradiation system 10 according to an
embodiment of the present invention. System 10 includes a gas supply 12 for
supplying and ionizing (including decomposing where required), for example,
hydrogen, helium, carbon dioxide or oxygen and thereby generate a particle beam of
protons, deuterons, tritons, alpha particles, carbon ions and/or oxygen ions
respectively. System 10 also includes a linear accelerator 14 that provides an initial
acceleration to the particles, and a synchrotron accelerator 16 that receives the
particles from linear accelerator 14 and further accelerates the particles to the
desired energy.

System 10 includes an extraction beamline 18, which delivers the accelerated beam
of primary particles as desired to one or more treatment rooms 20 (which include
respective patient couches or gurneys 22). System 10 includes a gantry 24 at the
distal ends of beamline 18. Gantry 24 includes a mechanical support structure, drive
mechanism, magnets (viz. dipoles and quadrupoles), a vacuum vessel and, at the
point where the beam exits (which consists of the components between a final
bending magnet and an exit window to the patient), a treatment nozzle 26.

A patient on a couch 22 is located with the target tissue positioned to receive the
beam that is transported by gantry 24 and exits treatment nozzle 26. The depth of
penetration of the primary particles in the patient is controlled by controlling the beam
energy and shape, and thereby to locate the Bragg peak of the beam as desired
relative to (and within) the desired target volume.

The beam that exits treatment nozzle 26 may be controlled to irradiate the target
volume in any desired pattern, such as in a spot scanning manner, a uniform
scanning manner, a fast scanning manner, raster scanning manner, and/or a scatter
manner. In the illustrated embodiment, the beam is raster scanned as a spot in
successive planes within the target volume (the planes being perpendicular to the
beam direction).

System 10 also includes a control system 28 that is controllable by a user to control
the aforementioned components of system 10, including gas supply 12 (which

includes an ionizer for ionizing the gas—such as hydrogen, helium or carbon
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dioxide—supplied by gas supply 12), linear accelerator 14, synchrotron accelerator
16, and extraction beamline 18, as well as the position and orientation of couches 22.
A console (not shown) from which the user may operate control system 28 may be
located in each treatment room 20 and/or at control system 28 itself. Control system
28 controls system 10 generally by reference to one or more treatment programs
stored in or accessible by control system 28, and established before the
commencement of treatment based on the parameters applicable to the particular
patient (such as digitized X-ray computer tomography or proton tomography of the
patient) and parameters derived from historical treatment, experimental and
modelling/simulation data. Such parameters are typically in the form of control
parameters or settings employed by control system 28 over the course of the
irradiation.

Irradiation system 10 also includes a plurality of beam steering units (not shown)

configured to direct the particle beam.

Control system 28 includes a particle supply controller configured to control the
particle source (viz. gas supply 12), an accelerator controller configured to control
linear accelerator 14 and synchrotron accelerator 16 (including to control the mean
energy of the particle beam), one or more beam steering units (comprising magnets)
for directing the particle beam, and an extraction controller for controlling extraction
of accelerated particles from synchrotron accelerator 16. Delivery of a homogenous
treatment dose to the target volume is provided by a spread out Bragg peak, which is
either passively shaped (viz. by placing a ridge filter in the path of the beam), or
delivered dynamically, in which a monoenergetic beam is used to ‘paint’ the
treatment volume, slice by slice. The depth is controlled by tuning the energy of the
beam and positioning the Bragg peak onto the targeted slice, while the beam is
steered in the X and Y axes through the use of the magnets of the beam steering

units.

Thus, control system 28 allows the delivery of the desired irradiation program,
preferably in a manner that delivers a flat biological dose to the target volume
through (in this embodiment) spot scanning, raster scanning or passively scattered
delivery. Control system 28 can also be used to plan an irradiation program, such as
by the irradiating of a phantom; an irradiation program can also be prepared by

simulation of the desired irradiation.
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Figure 1B is a schematic view of a patient 30 recumbent on a couch 22 and having a

tumour 32 irradiated by the beam 34 generated by system 10.

In use, the patient is administered with a dose of a thermal neutron absorbing nuclide
such as a composition containing 57Gd and/or '°B that is preferentially absorbed by
the tumour 32. The target volume containing the tumour 32 is then irradiated with the
beam 34 of primary particles (viz. protons, helium, carbon ions, etc) in the desired
scan pattern, depth, duration, beam energy, etc (according to the treatment program
established earlier). This may include moving the couch 22—and hence the target
volume—between or during the period of irradiation. However, patient movement is
generally minimized as it can introduce time delays and may result in large target
volume misalignment and positioning errors; in most cases, gantry 24—or the particle
transport line supported thereby—is rotated around an axis (or multiple axes)
instead.

During irradiation, a fraction of the primary particles in beam 34 undergo non-elastic
collisions with nuclei in the tumour 32. This results in the production of a range of
nuclear fragments at the target site, including short-range, high-LET charged
particles and neutrons which are emitted from the point of collision, and which
deposit their energy in the region surrounding the path of the incident primary beam
34. The neutrons may then be absorbed by the thermal neutron absorbing nuclide
of the administered composition, resulting in the production of energetic charged

particles with high relative biological effectiveness.

Figure 2 is a more detailed schematic view of control system 28 of irradiation
system 10. Control system 28 is typically implemented as a computer (or other
computing device), in communication with those components of irradiation system

10 that are controlled by or from control system 28.

Control system 28 combines the simulation of the method implemented by
irradiation system 10, generation and validation of irradiation parameters, and the
control of irradiation system 10, but it will be appreciated that these may be
implemented separately. For example, it may be desirable to implement simulation
of the method off-line; likewise, the generation and validation of irradiation

parameters may also be conducted off-line, the resulting parameters then loaded
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into or otherwise made accessible to control system 28.

Referring to figure 2, control system 28 includes a processor 40 and memory 42.
Processor 40 implements several components, including a display controller 44, a
treatment planning system 46, a Monte Carlo simulator 48, a comparison module
50, a parameter determiner 52, a particle supply controller 54, an accelerator

controller 56, a beam steerer 58 and an extraction controller 60.

It will be appreciated that other standard components (such as a user interface, I/O

bus and the like) have been omitted for clarity.

Display controller 44 controls the display of parameters, images and control panels
to the display of a user interface (not shown) of control system 28. Treatment
planning system 46 is configured to receive standard irradiation parameters adapted
for irradiation system 10, a desired biological effective dose distribution for the
tissue (e.g. tumour), empirical models (e.g. phantom simulations and experiments),
and subject data (specific to a particular subject or patient, so typically including
CT/MR data or other medical imaging data), and to generate a specific irradiation or
treatment program. Monte Carlo simulator 48 is adapted to simulate the irradiation
provided by irradiation system 10, for the purposes of evaluating a proposed
irradiation plan, and of preparing new irradiation plans, including simulating the

relevant phantom.

Comparison module 50 is configured to compare an irradiation plan simulated by
Monte Carlo simulator 48 with the specific irradiation or treatment program
outputted by treatment planning system 46, in particular by comparing the resulting
total biological effective dose distribution. Monte Carlo simulator 48 also uses the
relevant subject data. The results are provided to parameter determiner 52, which
modifies or refines the parameters employed by Monte Carlo simulator 48 according
to any difference between the results of the simulation and the desired irradiation,
and generates new or modified parameters adapted to bring the simulation more
closely into conformity with the desired irradiation (a procedure that may be

conducted incrementally/iteratively).

Particle supply controller 54 is configured to control source 45 of irradiation system

10, accelerator controller 56 is configured to control accelerator 16 of irradiation
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system 10 (including linear accelerator 14), beam steerer 58 is configured to control
one or more beam steering units of irradiation system 10, and extraction controller 60

is configured to control the extraction of accelerated particles from accelerator 16.

Memory 42 includes empirical reaction validation data in the form, in this example, of
neutron fluence data 66, electromagnetic interaction models 68 for use by Monte
Carlo simulator 48 when modelling electromagnetic interactions, and Hadronic
physics models 70 for use by Monte Carlo simulator 48 when modelling radioactive
decay, particle decay, hadron elastic collisions, ion inelastic collisions, neutron

capture, neutron inelastic collisions and proton inelastic collisions.

Memory 42 also stores a parameter set library in the form, in this example, of a
particle therapy parameter library 72, including duration of irradiation by the beam 34,
the composition and energy of beam 34, the peak radiobiological effectiveness of the
particles of beam 34, the physical dose deposition of the particles of beam 34, the
composition to be administered to the subject and its dose distribution, the fluence of
the neutrons produced in the specific irradiation configuration, the target volume
position relative to the beam 34, and the therapeutic parameters of the ions

constituting beam 34.

Memory 42 also includes subject data 74 pertaining to one or more subjects or
patients (which typically includes, in medical applications, image data pertaining to
the subject), and irradiation programs in the form, in this example, of treatment

programs 76, also pertaining to one or more subjects or patients.

EXAMPLE 1

To demonstrate the viability of this approach, the generation of the neutrons under
proton or heavy ion irradiation, and the absorption of those neutrons by a
composition containing '°B, was simulated using Monte Carlo techniques. This was
done to determine the neutron fluence that would be generated by typical forms of
proton or heavy ion irradiation, and hence the applications to which that neutron

fluence could be put.

. MATERIALS AND METHODS
All Monte Carlo simulations were performed using the Geant4 toolkit (version
10.2.p03) [23, 24]. Electromagnetic interactions were modelled using the standard
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Geant4 physics option 3 model (G4EmStandardPhysics option3), while the

hadronic physics models used in the simulations are listed in Table I.

TABLE I: Hadron physics models used in all simulations

Interaction Energy Range Geant4 Model
Radioactive Decay N/A G4RadioactiveDecayPhysics
Particle Decay N/A G4Decay
Hadron Elastic 0-100 TeV G4HadronElasticPhysicsHP
lon Inelastic 0-110 MeV Binary Light lon Cascade

100 MeV-10 GeV QMDModel
9.99 GeV-1 TeV FTFP
Neutron Capture 0-20 MeV NeutronHPCapture
19.9 MeV-100 TeV nRadCapture
Neutron Inelastic 0-20 MeV NeutronHPInelastic
19.9 MeV-9.9 GeV Binary Cascade
Neutron Elastic 0-20 MeV NeutronHPEIlastic
20 MeV-100 TeV hElasticCHIPS
Proton Inelastic 0-9.9 GeV Binary Cascade

Section | B (below) examines the three-dimensional distribution of the thermal

neutron fluence (both per primary particle and per Gy delivered to the Bragg Peak)

resulting from irradiation of a homogeneous poly(methyl methacrylate) phantom

(PMMA) with monoenergetic proton, 2C and 'O beams with different energies;

Section | C (below) describes how this fluence distribution can be used to calculate

the increase in dose attributable to boron capture of the generated thermal neutrons.

A. Simulation and Analysis Configuration

The Geant4 simulation and analysis configuration is shown schematically generally
at 80 in figure 3. Referring to figure 3, monoenergetic beams 82 of protons, 2C ions
and 'O ions, respectively, with a rotationally symmetric 5 mm FWHM Gaussian
beam profile, were directed in the simulations perpendicularly towards the surface of
a simulated homogeneous PMMA phantom 84 of 250 mm x 250 mm x 250 mm.

One hundred and twenty-five parallel neutron fluence quantisation planes 86 (each of

50 mm x 50 mm) were defined every 2 mm along the path of beam 34 within PMMA
phantom 84, normal to the beam and centred on the beam axis (though only ever
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fifth quantisation plane is shown in figure 3 for clarity).

Four reference primary beam energies were chosen for the '2C beam, resulting in
Bragg peak depths in PMMA of between 4 cm and 20 cm. Beam energies were then
calculated for the proton and '*O beams such that their Bragg peaks were located at
approximately the same depths. The full set of beam energies for each primary
particle type and the corresponding locations of Bragg peaks in each phantom are
listed in Table II.

TABLE II: Primary energies of the beams at the surface of the PMMA phantom and
the location of the point of maximum dose deposition (Bragg peak)

Particle Energies (MeV/u) Depths of Bragg Peaks (mm)
Proton (p) 73.0, 132, 153, 182 38.0, 109, 141, 191
12C 150, 250, 290, 350 45.0,109 ,140 ,191
180 177, 297, 345, 418 45.0, 109, 140, 191

The simulated phantom was a 250 mm x 250 mm x 250 mm cube of PMMA
(poly(methyl methacrylate)), with physical properties taken from the National Institute
of Standards and Technology (NIST) database [25].

B. Thermal Neutron Fluence Estimation

The conventional definition of neutron fluence is the number of neutrons traversing a
unit area (n/cm?), but a more useful measure of fluence in this instance is neutrons
per unit area per primary particle or per gray of delivered peak dose, since these
express fluence in terms of heavy ion therapeutic parameters, while being
independent of the intensity of the primary beam. Importantly, this definition
conveniently allows the effect of the neutron field for boron neutron capture dose
enhancement to be predicted, based on assumed achievable tissue concentrations
of boron and heavy ion treatment parameters.

The thermal neutron fluence (as defined above) resulting from heavy ion irradiation of
the phantom was evaluated at each of planes 86. Each plane 86 was scored with a
spatial resolution of 1 mm x 1 mm. Fluence was calculated over the central 5 mm x
5 mm area of each plane and over the whole 50 mm x 50 mm plane, for all planes
86.
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Additionally, the fluence was also calculated over the 5 mm x 5 mm area at the
extreme top-left corner of both the plane 86’ closest to the Bragg peak and also the
plane 86" passing through the region of maximum neutron fluence. The ratio
between the fluence measured in the top-left corner 88 and centre 90 of each of
these planes 86’, 86" was calculated to assess the uniformity of the neutron field in
planes 86', 86".

To obtain an estimate of the thermal neutron fluence per unit dose, the dose
deposited at the Bragg peak was also estimated. A 5 mm x 5 mm x 5 mm sensitive
volume centred at the Bragg peak was defined, and the energy deposited was
scored and converted to dose. This was then used as a conversion factor to
calculate the thermal neutron fluence per unit dose.

Assimple variance analysis method was used to estimate the minimum number of primary
particles to use in the simulations. A series of test simulations were conducted, each
with M = 50 runs of N(k) = 2Ny, No = 1 x10°% primary particles. Thermal neutron
fluence was calculated for each simulation within a test area centred on the Bragg
peak, and the mean and standard deviation (SD) calculated across the M simulations.
The inter-run standard deviation should approach zero as N(k) tends to infinity;
accordingly, the experiment was repeated with progressively larger values of kuntilthe
ratio of inter-run standard deviation to mean was less than an arbitrary threshold of 5%.
This analysis suggested that N = 5x107 incident protons and N =5 x 108 '2C and '6O
ions would be sufficient to obtain a satisfactory estimate ofthermal neutronfluence
(99% probability of the estimated fluence being within £5% of the true fluence).

C. Quantification of Neutron Capture Dose Enhancement

To estimate the order of magnitude of the achievable overall boost to the biological
dose in the treatment region, and thereby evaluate the feasibility and potential benefit
of neutron-capture enhanced particle therapy, a simple treatment plan was
implemented to convert the estimated thermal neutron fluence (n/cm?/Gy) to the total
number of thermal neutrons (Ns#) generated within the treatment volume. In this
software implementation, spread out Bragg peaks were simulated as the
superposition of plural, pristine Bragg peaks, and the corresponding neutron fluence
was estimated using the result of simulated scored neutron fluences for a number of
monoenergetic beams.

Two cubic 50 mm x 50 mm x 50 mm target volumes were defined within the
phantom, centred at depths of 125 mm and 175 mm along the axis of the beam.
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Each target volume was divided into a series of ten slices, each 5 mm thick and
further divided into a 10 x 10 grid, resulting in a total of one thousand 5 mm x 5 mm x
5 mm voxels. The treatment dose was delivered slice by slice. Once the planned
particle dose in each voxel was achieved, the beam was translated to the next voxel.

After irradiation of each slice, the beam energy was changed to reduce the depth of
the Bragg peak for treatment of the next slice. The process was repeated until the
whole target volume had been treated. For simplicity, the plan did not account for the
dose resulting from the build-up part of the particle dose deposition profile; although
this would be essential in designing a real treatment plan, for the purpose of
determining the feasibility of the proposed scheme, it was sufficient to assume that all
energy is delivered at the Bragg peak.

For a planned treatment dose, the total number of thermal neutrons in each voxel
within the target volume was evaluated by summing the fluence per gray (n/cm?/Gy)
as the beam was stepped through all planned positions within the target volume,
multiplied by the planned physical dose at each position:

10 10 10

Mijk = Z Z Z Dimn X 1ty Gomy, te-mdy a4
=1 m=1n=1

where nj; is the total number of thermal neutrons traversing the voxel at location (J, j,
k), Dimn is the physical dose delivered to a voxel with coordinates (/, m, n), #-),¢-
m),(k-ny],dn iS the fluence (expressed in neutrons per square centimetre per gray) at (j,
J, k), contributed by the beam at positioned at (I, m, n) and 6A is the voxel surface
area. The fluence ¢ takes an additional argument to explicitly express the fact that
the shape of the neutron fluence distribution is dependent on the Bragg peak depth
dn; as only a limited number of beam energies were simulated, the fluence
distributions were linearly interpolated/extrapolated for other Bragg peak depths.

This is a first order approximation and is sufficient for order-of-magnitude calculations
needed for this evaluation.

The total number of thermal neutrons (N£h) generated within the full target volume
resulting from the delivery of the entire planned treatment dose was then calculated
by summing the total number of thermal neutrons traversing all voxels within the

target volume:
10 10 10

No= D D ) M
fi=1j=1k=1
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The total absorbed dose in each voxel of the treatment volume is the sum of the
physical dose delivered by the primary proton or heavy ion beam, D,, and the boron
neutron capture dose, which results from the boron neutron capture reaction ("°B(n,
a)’Li) occurring within the target volume, Dz . This latter reaction is the dominant
means by which thermal neutrons deposit energy in tissue bearing high
concentrations of boron [26, 27]. The total weighted biological dose, D,, was then
estimated through the incorporation of the RBE and composition biological
effectiveness (CBE) of each component, and expressed in photon-equivalent-dose
(Gy-Eq) [28]:

D, = RBE, x Dp + CBE x Dy

where RBEg is the relative biological effectiveness of particle P, and Dr and Dg are
the primary particle and boron neutron capture physical dose components (in gray),
respectively. RBE is assumed to be 1.1 for protons (RBEy = 1.1), 3.04 for carbon
and oxygen at the Bragg peak (RBEin zgp), 2.5 for carbon and oxygen at the centre of
a spread out Bragg peak with a width of 5 cm (RBEi.n) [28]. CBE is assumed to be
3.8 for tumour tissue [22, 28].

The estimated number of thermal neutrons was then used to estimate boron physical
dose:

Dp=N, xC,%xNg

where C, =6.933 x 107"* is the neutron fluence-to-dose conversion factor for '°B
reaction (Gy/cm?/ppm), and N5 is the '°B concentration (parts per million) [29].

A range of boron concentrations have previously been reported in the literature.
Concentrations, together with the ratio of concentration in tumours to healthy tissue,
are listed in Il

The boron neutron capture dose is calculated for a photon-equivalent-dose of 100
Gy-Eq delivered by proton, '2C and '®O beams to both target volumes, with four

different concentrations of 1°B.

TABLE Ill. Boron-based neutron capture agent concentrations and the ratios of
tumour to healthy tissue concentrations reported in the literature.
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Reported by Method Compound | Target | Concentration| Concentration
(PPM) ratio
Barth ef al., [Intravenous |BPA Brain  (30%12 5:1
2012 [14] infusion
Ludereret |Convection |BPA Brain |68.3%17.9 8:1
al., 2015 [30] |lenhancement
Alkins et al., |Ultrasonic BPA Brain 123125 6.7:1

10

15

2013 [31] enhancement

Suzuki et al., |Inter-arterial [BSH + lipidol [Liver 200 (6 h) 3.6:1 (1 h),

2004 [39] |infusion 14.9:1 (6 h)

Suzuki et al., |Inter-arterial (BSH + Liver 231 (1 h) 1.4:1 (1 h),

2004 [39] infusion degradable 1116 h)
starch

microspheres

Koganei et |Intravenous |BSH- Colon (174120 1.2:1-3.5:1
al., 2013 [32] |infusion encapsulating

10% DSBL

liposomes

It is also envisaged that “He will be a suitable heavy ion, as would the radioactive
isotopes of the other heavy ions discussed herein; deuterium and tritium may also be
suitable in some applications. lons heavier than oxygen have shown to reach their
maximum RBE prior to their maximum dose deposition point (BP), making them less
suitable for use in therapy than 160 and lighter ions.

Il. Results

A. Neutron Flux

Figures 4A to 4F show simulated thermal neutron fluence plotted as a function of
depth in PMMA phantom 84 for monoenergetic proton, '2C and '®*O beams at each of
the four beam energies used with each ion species. In figures 4A to 4F, fluence is
expressed in units of neutrons per square centimetre per primary particle and per
gray of ion dose. Flux is averaged over square 5 mm x 5 mm and 50 x 50 mm?
regions normal to the beam and centred on the beam axis; results averaged over the
full 50 mm x 50 mm planes and over the central 5 mm x 5 mm region of each plane
only are indicated with solid lines and dashed lines, respectively. For clarity, 95%
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confidence intervals (x20) are shown only every 20 mm; inter-run fluence variations
at any given depth are distributed approximately normally. The location of each
Bragg peak is displayed as a solid vertical marker attached to the horizontal axis,
with its width matching that of the corresponding fluence-depth curve.

Figures 5A to 5C show the three-dimensional distribution of thermal neutrons within
PMMA phantom 84 produced by monoenergetic proton beams with respective
energies of 132 MeV/u (that is, MeV per nucleon), 153 MeV/u and 182 MeV/u,
normalised per primary particle. In figures 5A to 5C the incident beam is shown as a
white cylindrical region, terminating at the Bragg peak. (Note: the beam profile is
actually a Gaussian with 5 mm FWHM.)

Figures 6A to 6F show corresponding two-dimensional fluence contour maps
estimated over slices parallel to the XY and XZ planes, intersecting with the incident
beam and the point of maximum fluence.

Figures 7A to 7C show equivalent three-dimensional thermal neutron distributions
within PMMA phantom 84 for carbon with monoenergetic beam energies of 250
MeV/u, 290 MeV/u and 350 MeV/u, normalised per primary particle. The incident
beam is again shown as a white cylindrical region, terminating at the Bragg peak.
(Note: the beam profile is actually a Gaussian with 5 mm FWHM.) Figures 8A to 8F
show corresponding two-dimensional fluence maps, again shown on the XY and XZ
planes, intersecting with the incident beam and the point of maximum fluence.

Figures 9A to 9F show simulated thermal neutron fluence plotted as a function of
depth in a skull phantom for monoenergetic proton, 2C and O beams at each of the
four beam energies used with each ion species.

The skull phantom was simulated as comprising 250 x 250 x 10 mm? of bone and
250 x 250 x 240 mm? of muscle. Material compositions were based on tissue
models taken from the National Institute of Standards and Technology (NIST)
database.

As in figures 4A to 4F, in figures 9A to 9F, fluence is expressed in units of neutrons
per square centimetre per primary particle and per gray of ion dose. Flux is
averaged over square 5 mm x 5 mm and 50 x 50 mm? regions normal to the beam
and centred on the beam axis; results averaged over the full 50 mm x 50 mm planes
and over the central 5 mm x 5 mm region of each plane only are indicated with solid

27



WO 2019/051557

10

15

20

25

lines and dashed lines, respectively. For clarity, 95% confidence intervals (x20) are
shown only every 20 mm; inter-run fluence variations at any given depth are
distributed approximately normally. The location of each Bragg peak is displayed as
a solid vertical marker attached to the horizontal axis, with its width matching that of
the corresponding fluence-depth curve.

B. Quantification of Neutron Capture Dose Enhancement

The estimated thermal neutron fluence values per gray were used to evaluate the
additional biological effective dose deposited in the test target volumes resulting from
boron neutron capture. The physical dose required to achieve a photon-equivalent
dose of 100 Gy-Eq for is 90.91 Gy for protons and 40 Gy for both carbon and
oxygen. The conversion factor C, = 6.933 x 10-"4, together with the tumour boron
concentrations listed in Table Ill, are combined with the specified physical dose and
the estimated thermal neutron fluence per gray to produce an estimate for the dose
boost; values are listed for all ion species and evaluated boron concentrations in
Table VIII (below).

lil. DISCUSSION

For each of the simulated energies of all three ion species, the estimated thermal
neutron fluence varies by less than 11% from the centre to the corner of the
transaxial planes through both the Bragg peak (Table IV) and the point of maximum
neutron fluence (Table V), within the two 50 mm x 50 mm x 50 mm target volumes
defined inside the PMMA phantom.

TABLE IV: Neutron fluence (neutrons/cm?/primary) at periphery and centre of 50 mm
square transaxial planes through Bragg peak in a 250 mm cubic PMMA phantom

PCT/AU2018/051006

Primary| Energy| dgp Flux, SD Flux, SD Corner/
(MeV) | (mm)| corner central central
73 36 [2.34x10° | 7.99x1077 | 272x107°| 848x1077| 857%
proton | 132 | 106 |9.18x 10" | 165x107® | 1.02x 10| 1.65x107°| 89.8%
153 141 [1.05%x10* | 1.41x10° | 1.16x 10| 218x10%| 91.0%
182 188 |1.03x10 | 161 x10® | 1.14x10*| 1.37x10°%| 90.4%
150 44 |4.90x10™ | 162x107° | 556 x 10| 2.31x10°°| 88.1%
120 250 108 [1.41x107% | 201 x107° | 1.56x 10°| 266 x107°| 90.6%
290 140 [162x10% | 1.79x 10> | 1.78x107%| 226 x 107 91.0%
350 190 [1.54x10% | 1.77x107° | 1.69x107%| 251x10°%| 90.9%
160 177 44 |6.17x10™* | 1.05x10° | 6.91x10%| 1.12x107%| 89.3%
297 108 [1.82x 103 | 258 x 107> | 2.00x 107%| 262x10°[ 91.0%
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345 138 [211x10% | 274 x 107> | 232x107%| 208x 107 91.3%
418 190 |2.01x107° | 227 x107° | 219x10%| 2.85x107°| 91.5%

10

TABLE V: Neutron fluence (neutrons/cm?/primary) at periphery and centre of 50 mm

square transaxial planes through plane of maximum peak neutron fluence in a
250 mm cubic PMMA phantom

Primary|Energy| dwr Flux, SD Flux, SD Corner/
(MeV) |(mm)| corner central central
73 54 [ 262x105]| 1.16x107° | 293 x 105 | 963 x 1077 89.3%
proton | 132 | 82 |9.99x10 | 1.44x10® | 1.12x 10 | 1.56 x 107° | 89.0%
153 92 | 1.25%x10™ | 2.02x10% | 1.40x10™* | 1.81 x 107° 89.4%
182 112 [ 151 x10™4 | 216%x10° | 1.68x10™ | 2.09 x 10°° 89.6%
150 66 | 554 %10 | 1.08x105% | 617 %10 | 1.30x 1075 | 89.7%
12¢ 250 98 [1.42x107%| 237x10°° | 1.57x 10 | 248 x 1075 90.4%
290 98 | 1.42x107% | 237x10° | 1.57x107° [ 248 x 1075 90.4%
350 132 11.93%x107% | 1.80x 105 | 213x 107 [ 295 x 1075 90.8%
177 82 | 7.14%x10* | 1.77x105 | 7.89x107™* [ 1.45 x107° 90.5%
150 297 96 | 1.81x107% | 209x105 | 200%x 107 [ 1.84 x 1075 90.5%
345 120 [ 216 %x 1073 | 2.27x 1075 | 2.37 x107% | 2.33 x 1075 90.9%
418 134 [ 248 %1073 | 2.43x107% | 2.72x107% | 279 x 1075 91.2%

Likewise, each of the simulated energies of all three ion species, the estimated

thermal neutron fluence again varies by less than 11% from the centre to the corner

of the transaxial planes through both the Bragg peak (Table VI) and the point of

maximum neutron fluence (Table VII), within the two 50 mm x 50 mm x 50 mm target

volumes defined inside the skull phantom.

TABLE VI: Neutron fluence (neutrons/cm?/primary) at periphery and centre of 50 mm

square transaxial planes through Bragg peak in a 250 mm cubic skull phantom

Primary| Energy| dgp Flux, SD Flux, SD Corner/
(MeV) | (mm)| corner central central
73 34 [220x10° | 740x1077 [ 252x107°| 1.12x10°| 87.3%
proton 132 114 [7.00%x10° | 112x10°° | 771 x107°| 166%x10%| 90.8%
153 150 |7.49%x107% | 1.24x10% | 841 x107%[ 1.37x10%| 89.1%
182 206 |6.57x10° | 1.15x107° | 7.28x107°| 163 x10°| 90.2%
150 42 |420%x10™* | 1.04x10™° | 473 x10™| 1.21x107°| 88.8%
12¢ 250 112 [1.10%x1072 | 1.44x10™° | 1.21x107%| 165%x1075[ 90.8%
290 146 [1.23x10% | 232x107° | 1.35x107%| 219%x107°%[ 91.1%
350 204 [1.03x10% | 1.70x107° | 1.13x107%| 2.00%x1075| 90.8%
'°0 177 | 42 |540x 107 | 1.22x 1075 | 6.06 x 10| 1.45x 10| 89.1%
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297 112 [1.42x10% | 216 x107° | 1.57x 1073 | 1.72x 10| 90.6%
345 146 |1.58x107° | 1.97x10° | 1.75x10%| 2.07x10™°| 90.8%
418 202 [1.36x 107 | 165x10° | 1.50x10%| 1.76 x 107°| 90.5%
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TABLE VII: Neutron fluence (neutrons/cm?/primary) at periphery and centre of 50 mm
square transaxial planes through plane of maximum peak neutron fluence in a
250 mm cubic skull phantom

Primary|Energy| dwr Flux, SD Flux, SD Corner/
(MeV) |(mm)| corner central central
73 48 | 232x10° | 667x107 | 263 x10™° | 6.32x 1077 88.2%
proton | 132 | 72 |8.00x10™ | 1.25x 10 | 9.00x 10 | 1.64 x 107° | 88.9%
153 86 |[9.87x105]| 1.87x10°° | 1.10x10™* | 1.14 x 107 89.5%
182 116 | 116 x10™% | 1.78 x107® | 1.29x 10™ | 1.50 x 107° 90.2%
150 62 | 463x10%|1.16%x105 | 516 x10™ | 1.06 x 1075 89.7%
12¢ 250 94 [1.11%x107% | 1.45%x107% | 1.24x10° | 1.77 x 1075 89.8%
290 104 | 1.30x 103 | 1.77x 1075 | 1.45x10% | 2.08 x 1075 90.0%
350 126 | 1.48x 1073 | 2.23x 1075 | 1.63 x 107% | 2.09 x 1075 90.3%
177 76 [6.00x10% | 9.72x10°° | 6.65x10™* | 1.29 x 1075 90.3%
150 297 96 [1.43x107%| 201x107% | 1.58x 107 | 2.34 x 1075 90.8%
345 116 [ 167 x107% | 215%x 107> | 1.85x10° | 1.87 x 1075 90.4%
418 136 [ 1.87x107% | 1.98x 107> | 2.06 x107° | 2.82 x 1075 90.8%

The gradient of the thermal neutron fluence with respect to depth along the beam

axis is dependent on the beam energy, and increases in the vicinity of the Bragg

peak as the energy of the primary particle increases. Moreover, the distance

between the plane of maximum thermal neutron fluence and the Bragg peak

increases with the increase in the energy of the primary particle. Therefore, for a

typical treatment plan, which would comprise a range of beam energies (and hence

depths in Z) and horizontal and vertical steps (in the XY plane), the total thermal

neutron fluence will integrate to produce a virtually uniform neutron field in the

treatment volume.

The neutron fluence per unit of absorbed physical dose is such that delivery of a

typical treatment plan will enable a total biological effective dose enhancement of the

order of 20-40% for proton beams and 6—-12% for carbon and oxygen ion beams

within the target volume, for tissue boron concentrations previously reported in the

literature.

TABLE VIII: Estimated percentage biological dose increase (Gy-Eq) for two target

volumes obtained with four concentrations of 1°B-bearing BPA
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lon 198 conc. (PPM) | % Increase at Treatment Volume Depth
100-150 mm 140-190 mm
30 5.22 7.32
P 67 11.65 16.36
123 21.39 30.02
174 30.25 42.48
30 1.49 2.03
120 67 3.32 4.54
123 6.10 8.33
174 8.62 11.79
30 1.20 1.67
160 67 269 3.74
123 493 6.87
174 6.98 9.72

For each of the reported boron concentrations, the tumour to normal tissue ratio can
be used to estimate the additional dose in the adjacent normal tissue, assuming a
CBE factor of 1.3 for normal brain tissue [33, 34]. For the highest concentration of
boron (174 ppm) and lowest tumour:healthy-tissue boron concentration ratio, a
proton-beam dose of 100 Gy-Eq delivered to the treatment volume will induce a
maximum additional dose of 4.8 Gy-Eq to surrounding tissue due to the presence of
boron (for a dose boost to the treatment volume of 42.48 Gy-Eq). The corresponding
values for 2C and '°0 are 1.3 Gy-Eq and 1.1 Gy-Eq for dose boosts of 11.79 Gy-Eq
and 9.72 Gy-Eq, respectively. For comparison, a BNCT treatment plan for
glioblastoma multiforme typically delivers a peak dose of 8-14 Gy-Eq to normal brain
tissue over 2-3 fractions [33].

Recent literature recommends delivery of heavy ion radiotherapy via
hypofractionation (1-2 fractions only) [6, 35-37]. From a practical perspective, this
makes addition of a boron-bearing drug infusion step to the treatment process a
minimal additional burden on the patient, as it may only need to be performed once
or twice.

It has recently been observed that the main impediment to widespread adoption of
boron neutron capture therapy is the availability of suitable epithermal neutron
sources rather than the availability of appropriate pharmaceutical agents for boron
delivery, as was previously the case [38]. Embodiments of the present invention
have the potential to offer a new source of thermal neutrons at any proton or heavy
ion treatment facility, conveniently situated at the point of treatment inside the
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patient's own body. With the prospect of further progress in the development of new
boron and gadoliniumbearing drugs and delivery methods, with greater tumour
specificity and potentially achievable tissue concentrations, it is envisaged that it will
become possible to achieve even greater dose enhancement in the future.

EXAMPLE 2

In a further example, a similar set of simulations was conducted. Significance was
arbitrarily defined as an average 10% increase in photon-equivalent dose within a
tumour resulting from the administration of a non-toxic bolus of neutron-capture
agent (though it is envisaged that the method of this embodiment can be used with
any desired dose increase factor). To do so, the concentration of neutron capture
agent required to provide a 10% increase in effective photon-equivalent dose is
determined for a simple simulated therapeutic proton/heavy ion treatment plan, and
this is compared with concentrations reported in the literature.

The first step is to evaluate the neutron fluence resulting from pencil-beam irradiation
of a point within a target volume. A set of simulations of such a pencil beam, for both
proton and 2C beams, was conducted with four different energies in a homogeneous
PMMA target. Dose and neutron fluence distributions were recorded for each
simulation; corresponding distributions at energies in between these were also
estimated by interpolating between the distributions obtained at these energies. A
simple treatment plan was then implemented, in which the pencil beam was stepped
across an array of points inside a treatment volume at a series different energies.
The primary particle fluence at each energy was then weighted such that an
approximately flat biological effective dose (BED) was delivered to a defined
treatment volume by the ion beam; two 50 mm cubic volumes were evaluated, one
centred at a depth of 125 mm and a second centred at a depth of 165 mm. Neutron
fluence distributions were then estimated based on the primary particle fluence
weights and summed across the entire treatment volume in each case. Based on the
neutron fluence estimates obtained through this process, the additional neutron-
capture dose per unit of primary proton/heavy ion dose, per unit of 1°B-BPA
concentration was estimated such that the concentration required for a 10% increase
in dose could be determined.

A. Pencil Beam Simulations

Figure 10 is a view of the simulation configuration used for pencil beam thermal
neutron fluence estimation in this example. The same number of incident protons
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and '2C ions was again employed, while the hadronic physics models used in the
simulations are again listed in Table | and the full set of beam energies for the
protons and '2C ions and the corresponding locations of Bragg peaks in each
phantom are listed in Table II.

Pencil beam physical dose and neutron fluence distributions were obtained for each
beam type and energy (see Table II), and normalised per primary particle. To
estimate dose and neutron fluence distributions for beam energies which were not
simulated (due to the substantial computational cost of performing simulations for all
intermediate energies), an interpolation procedure was performed. Firstly, the
expected location of the Bragg peak for each intermediate energy was estimated via
a 2nd-order polynomial interpolation between the locations measured from the dose
distributions obtained at each of the four simulated energies. Next, the dose and
neutron fluence distributions from all but the highest-energy simulation were
translated such that their Bragg peaks aligned with that of the highest energy
simulation, and a 3D spatial interpolation of the dose and neutron fluence
distributions for the intermediate energies was performed. Finally, the interpolated
3D dose and neutron fluence distributions were translated back to the previously-
estimated location of the Bragg peak for each energy. The result was a library of
estimated physical dose distributions and thermal neutron fluence distributions per
primary particle for proton and '2C beams, for energies in steps of 1 MeV/u in the
range 73-182 MeV/u for protons and 150-350 MeV/u for 12C. While the method is
only an approximation, its accuracy can be improved if desired by performing
simulations at additional energies in the range of interest.

The library of physical doses distributions deposited by the pencil beams were then
converted to biological dose; for protons, the relative biological effectiveness factor
was assumed to be 1.1, while for '2C it was assumed to be 3.0 at the Bragg peak, 1.5
in the entrance plateau and buildup region (defined as the region with a deposited
dose less than 60% of the maximum value), and a linear interpolation between these
values in the intermediate region. The biological dose distributions were then used to
develop a simple treatment plan for two target volumes for each beam type. These
three-dimensional dose distributions for the centred pencil beam at the kth energy (k
e [1...K]) are denoted BED.x. The corresponding neutron flux is denoted @ .

B. Estimated Neutron Capture Dose Enhancement

As this example is concerned with determining the feasibility of this embodiment,
rather than with evaluating a specific treatment plan, a set of simple, generic
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treatment plans were developed for the PMMA target in order to estimate the order of
neutron capture agent concentration that would be required to achieve a 10%
increase in photon-equivalent biological dose. For each energy, the BED and
neutron fluence maps (calculated via the interpolation method previously introduced)
are stepped across the transverse (xy) plane of the treatment volume corresponding
to the Bragg peak depth at each energy, to a total of R x C positions for each of the k

energies:
1 R C
BEDk = R Z Z{BEDCtr,k(r’ C)}
r=1c=1
1 R C
or= RC z Z{q)ctr,k(r' o)}
r=1c=1

where BEDq«(r, C) is BED.y« laterally translated so that the centre of the Bragg peak
is located at row and column (r, ¢) in the plane, and ¢ (r, ¢) is the corresponding
neutron fluence. If the desired photon-equivalent dose is D, then the objective is to
achieve the most uniform approximation of this dose possible within the treatment
volume by determining the number of primary particles Ni required at each energy «
which best approximate a flat dose. This is obtained by solving

K
(Z NkBEDk) -D
k

=1

2
argmin
Ny

using an optimisation technique such as Levenberg-Marquardt optimisation, subject
to the constraint that N, must be positive. The total number of primary particles
required at each energy can then be multiplied by the corresponding map of neutron
production per primary particle for each energy, to yield a map of total neutron
fluence fthroughout the phantom (both inside and outside of the treatment volume):

K
¢ = Z Ny oy
k=1

The biological dose enhancement resulting from the presence of the neutron capture
agent, normally referred to as the boron dose in BNCT literature, is estimated using
the following relation:

DB = ¢0NCANNCA X CBE
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where onca is the fluence-to-kerma conversion factor (approximately 8:66 x 10-4 for
B and 9:27 x 10-'8 for '57Gd), NNCA is the concentration of neutron capture agent
in parts per million, and the compound biological effectiveness CBE = 3.8 for '°B-
BPA and ~ 40 for the DOTA 157-Gadolinium triphenylphosphonium salt complex
(based on results of studies in the field of photon activated therapy using the same
agent, and correcting for expected Auger electron production).

For this example, the target dose was setto D=1 GyE, R = C = 11, and steps
between rows and columns were setto 5 mm (i.e. the same as the FWHM of the
beam) for a 50 mm square treatment plane at each energy. A range of energies
were selected to extend the spread out Bragg peak (SOBP) between depths of 100
mm to 150 mm for the first treatment volume and 140 mm to 190 mm for the second;
energies were incremented in steps of 1 MeV/u. Therefore, each treatment volume is
a 50 mm cubic volume, with 1 GyE of dose delivered by the ion beam.

C. Reported Neutron Capture Agent Concentrations

A selection of reported clinical and/or preclinical tissue concentrations of boron and
gadolinium, together with the ratio of concentration in tumours to healthy tissue, are
listed in Tables Il and IX, respectively.

TABLE IX. Gadolinium-based neutron capture agent concentrations reported in the
literature. Tumour:normal tissue concentration ratios of at least 70 are commonly
reported in the literature

Reported by Compound Target Concentration
(PPM)
De Stasio ef |Gd-DOTA GBM (in vitro) 140 (1 h)
al., 2001 [40]
Le efal, Gd-DTPA encapsulated [TC-1 (mouse lung 159
2006 [41] liposome endothelium, in vivo)
Peters et al., |Gd-DOTAP liposome F98 & LN229 (glioma, in 768
2015 [42] vitro)
Ichikawa ef |Gd-DTPA; Chitosan B16F10 (mouse melanoma, |1500
al., 2014 [43] |nanoparticles in vivo)
Tokumitsu et |Gd-DTPA; Chitosan B16F10 (mouse melanoma, |1800
al., 2000 [44] |nanoparticles in vivo)
Morrison et  |Gd"-triarylphosphonium |T98G (glioblastoma, in 3000
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al., 2014 [45] |salts

vitro)

D. Results

Treatment Plans and Neutron Fluence Distributions

Treatment plans were prepared for each target volume for both proton and carbon

ion beams. The total number of primary particles at each energy required for

achieving an average biological dose of 1 GyE across the target volumes were

computed, and the 3D dose distributions calculated. The case of carbon-ion

irradiation of the shallower treatment volume (at depths ranging from 100 mm to 150

mm) is shown in Figures 11A to 11D.

The per-primary-particle neutron distributions corresponding to each of the energies

in the treatment plan were scaled by the number of primary particles determined for

each plan and summed for all energies. An example of the resulting distribution of

neutron fluence (shown as a percentage of the maximum value) is shown in Figures

12A to 12F.

The maximum, mean and minimum neutron fluences obtained within the treatment

volumes are listed in Table X.

TABLE X. Neutron fluences obtained for each target volume and treatment plan,

assuming a target volume average proton or heavy ion biological dose of 1 GyE

Target Primary lon Neutron fluence per GyE primary dose (n/cm?/GyE)
Depth (mm) Minimum Mean Maximum
Proton 5.96 x 108 7.79 x 108 9.06 x 108

100-150
12C 2.86 x 108 3.34 x 108 3.60 x 108
Proton 6.26 x 108 8.82 x 108 1.09 x 10°

140-190
2C 3.17 x 108 4.08 x 108 4.68 x 108

TABLE XI. '°B-based neutron capture agent concentrations required to obtain a 10%

increase in biological effective dose

Target |Primary °B neutron capture agent concentration (ppm)

Depth BPA (brain) [46] |BSH (brain) [47] | BPA (liver) [26] | BSH (liver) [26]

(mm) RBE = 3.8 RBE =1.2 RBE = 9.94 RBE = 4.22
100-150 | Proton 390 1240 149 351
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TABLE XII. '57Gd concentrations required to obtain a 10% increase in biological

effective dose, with estimated values based on published RBEs for non-specific

multiple-Auger-electron-emitting nuclei; the right-most columns are based on Monte

Carlo simulation results

157Gd neutron capture agent concentration (ppm)

Target Depth | Primary
mm Cell [48] |DNA [48] [DNA [49] [MC:DNA [50]|MC:Cell [50]
(mm) RBE =5 |RBE =20 |RBE=10 |RBE=125 [RBE=1.5
Proton 2790 697 1400 1110 9300
100-150
2¢C 6510 1630 3260 2580 21700
Proton 2460 616 1230 978 8220
140-190
2C 5330 1330 2660 2110 17800

It will be noted that the results of Tables XI and Xl are superior to and supersede
those of Example 1 (cf. Table VIII). The ad hoc treatment plan implemented in
Example 2 properly accounts for the entrance dose in calculating the weight factors
of each discrete beam energy. Therefore, the subsequent estimation of the neutron
fluence as a result of fragmentation and internal generation of thermal neutrons is a
more accurate representation of that which would be seen in a clinical treatment
plan, compared to Example 1.

Required NCA Concentrations

The tumour concentrations of 1°B and '5’Gd required to achieve a 10% increase in
biological effective dose are listed in Table XI and XIlI, respectively. The CBEs for
each agent are based on values estimated in each listed supporting publication.
Based on these estimated tumour concentrations, reported tumour:normal tissue
concentration ratios and normal-tissue CBEs, the maximum percentage increases in
normal-tissue biological effective dose are listed in Table XIII.

TABLE XIII. Maximum percentage increase in biological dose delivered to normal
tissue, for a 10% increase in biological effective dose in the tumour

Maximum increase in normal tissue biological dose (%)

BPA (brain) [46]

BSH (brain) [47]

BPA (liver) [26]

BSH (liver) [26]

157Gd (all)

0.68

2.60

1.50

7.40

0.14
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Tumour:healthy '°B concentration ratio for BPA and BPA in the brain are based on
values reported by Barth ef al. [14] and Koganei ef al., respectively [32]; for BSH, the
values are as reported by Suzuki ef al. [26]. Tumour:healthy '%’Gd concentration
ratio is assumed to be 70:1, although even higher ratios are reported in the literature.
As the normal-tissue CBE is not yet well known for '57Gd-based agents, it is assumed
here to have the same value as for the tumour (a worst-case assumption).

E. Discussion

Several conclusions may be drawn by examining the tumour concentrations of each
NCA listed in Tables XI and XII. Firstly, the NCA concentrations required to achieve
a 10% increase in biological effective dose in the liver are substantially lower than
those required in the brain for both BPA and BSH, with BPA looking particularly
promising due to the combination of high CBE and good tumour/normal tissue
contrast reported by Suzuki ef al. [26]. On the other hand, BSH concentrations have
been reported in the literature which would realise a dose boost of close to 10%—for
example, Suzuki et al. [39] reported up to 200 and 234 ppm for BSH plus two
different embolising agents, which would offer dose boosts of the order of 6.4—-7.5%
in the liver.

The situation is somewhat less positive for the brain; 1°B-BPA concentrations
required to achieve a 10% increase in biological effective dose during proton therapy
in the brain would need to be around three times greater than the highest
concentrations reported in the literature to date, while the concentration needed for
carbon ion therapy is even greater.

Conversely, with the highest BPA concentration reported in the literature of 125 ppm,
the increase in dose is approximately 3.2-3.6% for proton therapy, and about half
that for carbon. These results do not rule out the use of boron neutron capture
agents for treatment in the brain according to this embodiment, but demonstrate the
need for further development of boron-based NCAs.

Tantalisingly, there are reports in the literature of strong uptake of BPA in the
pancreas, an organ in which cancer is notoriously difficult to treat. While there
appears to be very little research into BNCT specifically applied to the pancreas
(particularly on tumour to normal NCA concentration ratios and CBE), it would appear
to be a good candidate for this embodiment.
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Several promising new '°B-based NCAs are still in development [30]. BSH has been
somewhat disappointing as an NCA in BNCT, chiefly due to its inability to directly
penetrate the cell membrane. However, several BSH-derived compounds have been
proposed that combine up to 8 instances of the BSH compound with peptide chains,
which are able to penetrate the membrane and deliver high concentrations of boron
within the cell. Boron concentrations in excess of 5000 ppm have been reported for
these compounds [51]. Other promising recent studies have investigated the use of
using boron nitride nanotubes as NCAs in BNCT, which can also potentially deliver
very high "B concentrations to the tumour [52].

For '>’Gd, the situation is more complex. The values are highly dependent on how
the 157Gd atoms are distributed; when they are either electrostatically attached to
DNA or concentrated in the cell nucleus, the required concentrations are well within
the ranges reported in the literature; this remains true even when the gadolinium is
present in the cytoplasm or outside of the cell membrane. Several of the gadolinium
compounds now in development appear to have many very promising properties for
highly selective tumour uptake, and in particular high uptake in the nucleus and
mitochondria, where they are most effective for neutron capture therapy.
Significantly, many of the recently developed gadolinium-based compounds appear
to offer very high tumour:normal tissue concentration ratios.

Comparing the required tumour concentrations obtained in this study to values
previously published for both boron (up to 231 ppm in the liver [26]) and gadolinium
(up to 3000 ppm in vitro [45]) indicates that for some agents and some target tissues,
achieving at least a 10% increase in biologically effective dose (or, equivalently,
reducing the external radiation dose and hence reducing normal tissue complication
probability) should be feasible.

Additionally, there is also the possibility of further increasing the neutron yield of
heavy ion therapy. Since the production of neutrons within the target volume is
typically considered a nuisance rather than a central objective, there has been little
research aimed at identifying particular primary species which will result in greater
rates of thermal neutron production in human tissue targets. We hypothesise that
relatively neutron-rich primary ion species such as deuterium or helium may increase
the thermal neutron yield, and therefore providing a larger dose boost via thermal
neutron capture than is possible with either protons or carbon ions. This is currently
a subject of further investigation, with results to be reported in future work.
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Regarding the additional dose introduced to healthy tissues resulting from
implementation of this embodiment, Table Xl shows that for most proposed NCAs,
the increased dose is quite small compared to the dose boost delivered to the tumour
(the worst-case scenario being BSH in the liver, due to the relatively low
tumour:normal tissue contrast ratio of 0.3). For a 70 GyE primary ion dose to the
tumour (typically delivered over several fractions), if the BPA concentration is
sufficient to provide an extra 7 Gy tumour dose via NCEPT, the maximum additional
normal-tissue dose (at the margin of the treatment volume) would be 0.47 GyE in the
brain and 1.1 GyE in the liver (with 1.8 GyE and 5.2 GyE obtained with BSH in the
brain and liver, respectively). For comparison, a BNCT treatment plan for
glioblastoma multiforme typically delivers a peak dose of 8-14 GyE to normal brain
tissue over 2-3 fractions [33].

One possible limitation of this embodiment is the need to fractionate the delivery of
the therapeutic dose, which would either necessitate the use of a NCA with a long
residence time or require repeated infusion of the NCA. However, the most recent
literature recommends delivery of heavy ion radiotherapy via hypofractionation (1-2
fractions only) [6, 35-37]. From a practical perspective, this makes addition of a
boron-bearing drug infusion step to the treatment process a minimal additional
burden on the patient, as it may only need to be performed once or twice.

As a final observation on the practicality of this embodiment: the main impediment to
widespread adoption of neutron capture therapy is the limited availability of suitable
epithermal neutron sources rather than the availability of appropriate NCAs [38].

This approach has the potential to offer a new source of thermal neutrons at any
proton or heavy ion treatment facility, conveniently situated at the point of treatment
inside the patient’s own body. With the prospect of further progress in the
development of new NCAs, with greater tumour specificity and potentially very high
achievable tumour concentrations, and possibly in combination with ultrasonic or
other uptake enhancement methods, it may be possible to achieve even greater dose
enhancement in the future.

F. Conclusion

This example demonstrates that the thermal neutron fluence distribution resulting
from proton and carbon ion therapy mostly originates in the vicinity of the Bragg peak
(i.e. from a point internal to the treatment volume), with the neutron fluence falling
with increased distance from the Bragg peak in all directions. The fluence
distribution resulting from a realistic treatment plan is sufficient to enable a significant
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increase of the order of 10% with realistic NCA concentrations of the order of
magnitude previously reported in the literature. The resulting dose increase in
normal tissues is quite modest, and is believed unlikely to cause additional harm to
the patient.

Example 3

The approach of the aforementioned embodiments was tested experimentally. A
series of proof-of concept experiments were performed at Japan’s HIMAC facility, to
quantify the effective increase in biological dose which can be achieved in vitro.
Cultured T98-G cancer cells adhered to the inner surface of T25 cell culture flasks
were irradiated in carbon and helium ion beams, with and without the presence of
realistic concentrations of neutron capture agents.

Three frozen vials of T98G (JCRB9041, human glioblastoma multiforme) cell lines
were purchased from the National Institutes of Biomedical Innovation, Health and
Nutrition, JCRB Cell Bank and used throughout the experiments.

Prior to the start of the experiments, the cells were revived and passaged twice prior
to seeding 160 T25 flasks, with 5 mL of complete growth medium (DMEM + 10%
FBS). Flasks were incubated at 37+1°C in an atmosphere of 5£1% CO..

The experiments utilised 2C and *He beams with 60 mm Spread Out Bragg Peak
(SOBP60) spectra, and an approximate dose rate of 1 Gy/min. Cell viability was
measured as a function of ion beam dose in cultured T98-G human glioblastoma
cells, with and without the presence of two neutron capture agents, '°B enriched 4-
borono-L-phenylalanine (1°B-BPA) and 2,2',2"-(10-(4-
(((triphenylphosphonio)methyl)benzyl)-1,4,7,10-tetraazacyclododecane-1,4,7-
triyDtriacetatogadolinium(lll) trifluoroacetate (157Gd-DOTA-TPP salt complex).

A set of 300 x 300 x 10 mm?® PMMA slabs were used in conjunction with a PMMA
receptacle for holding two flasks. With this arrangement, the flasks containing the
cell cultures were positioned inside a cubic 300 x 300 x 300 mm?® PMMA phantom in
a plane normal to the incident beam, at a depth corresponding to the midpoint of the
SOBP60 as illustrated schematically in figure 13. The neutron fluence predicted via
Monte Carlo simulation in Example 2 is overlayed on this figure for illustrative
purposes. The ion beams were '2C and “He beams with dimensions of 100 x 100
mm? (width x height) and SOBP60 energy spectra with mean energies of 290 MeV/u
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and 150 MeV/u, respectively (corresponding to SOBP depth ranges of approximately
8to 14 cmin PMMA).

In vitro Measurements.

The irradiation campaign was conducted on four consecutive nights (carbon ion
beam irradiations were conducted on the first and third nights, while helium ion beam
irradiations were performed on the second and fourth night) at the HIMAC biological
beamline. Forty flasks were irradiated during each night, at 80% to 90% confluence
(corresponding to ~3.75 x 105 cells per flask). Twenty-four hours prior to each
irradiation, 10 flasks were incubated with 500 uM of '°B-BPA, while a second set of 10
flasks were incubated with 500 uM of '5’Gd-DOTA-TPP salt complex. The remaining
20 flasks were used as control.

On the night of irradiation, the beam was calibrated for dose rate and dose-depth
deposition and the dose-rate at the centre of the Bragg peak (corresponding to the
location of the cells) was measured with an ionisation chamber. Immediately prior to
irradiation, flasks were filled with a complete DMEM media (~30 mL per flask).
Flasks were irradiated in pairs, with flasks containing the neutron capture agents
irradiated together, followed by corresponding control flasks (containing no neutron
capture agent). Ten different dose values were used with each ion beam: 0, 0.9, 1.8,
2.3,2.7,3.2,36,4.1,4.6, and 7.3 Gy for helium, and 0, 0.6, 1.3, 1.6, 1.9,2.2, 2.5,
2.8, 3.1 and 5 Gy for carbon.

After irradiation, the medium was aseptically removed from the irradiated flasks. Cells
were washed with 5 mL of DPBS which was removed and discarded. Cells were
then trypsinised, detached from the flasks and resuspended in completed growth
medium. Cell count and viability was recorded.

Sixteen 96-well plates were populated each night, each well containing
approximately 375 cells, and each set of three wells corresponding to one flask. One
set of eight 96-well plates contained a full set of irradiated cells incubated with the
neutron capture compounds (as shown in Table XIV), while a second set of 8 well
plates contained irradiated cells without any neutron capture agent (Table XV).

TABLE XIV. Well plate layout for flasks containing neutron capture agent. Wells

labelled ‘a’ corresponds to cells incubated and irradiated in the presence of boron-
based neutron capture agent, while those labelled ‘b’ denote the those similarly
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a ail ail ail a9 a9 a9 b7 b7 b7

b a2 a2 a2 al0 [a10 | a10 | b8 b8 b8

c a3l a3l a3l b1 b1 b1 b9 b9 b9

d a4 a4 a4 b2 b2 b2 b10 [ b10 | b10
e a5 a5 a5 b3 b3 b3 mem | mem | mem
f a6 a6 a6 b4 b4 b4 bl bl bl

g a7 a7 a7 b5 b5 b5 bl bl bl

h a8 a8 as b6 b6 b6 bl bl bl

TABLE XV. Well plate layout for control (untreated) flasks. Wells labelled ‘¢’
corresponds to flasks irradiated in the same positions as the ‘a’ flasks in Table XIV;
wells labelled ‘d’ similarly correspond to flasks irradiated in the same position as the

‘b’ flasks in Table XIV.

a cl cl cl c9 c9 c9 d7 d7 d7

b c2 c2 c2 c10 [c10 |c10 |d8 d8 d8

c c3 c3 c3 d1 d1 d1 d9 d9 d9

d c4 c4 c4 d2 d2 d2 d10 | d10 [d10
e cS cS c5 d3 d3 d3 mem | mem | mem
f cb cb cb d4 d4 d4 bl bl bl

g c7 c7 c7 d5 d5 d5 bl bl bl

h c8 c8 c8 d6 dé d6 bl bl bl

Response evaluation

The dose response of the cell cultures to carbon and helium beams irradiated at the
midpoint inside the SOBP60 at 10 dose values (viz. 0 to 5 Gy) was assessed using
Resazurin (alamarBlue), an established high-throughput cell viability assay, first at
approximately 18 hours post-irradiation and then every 24 hours for 7 consecutive
nights. The cell numbers per well were then quantified by measuring the
fluorescence signal from each well (proportional to the number of cells) using an
automated plate reader, and normalised to the signal from wells containing blank
medium.

Figure 14 is a plot of T98G cell proliferation (two flasks) over 1 week (168 hours),
following 3 Gy irradiation with a carbon ion beam. Figure 15 is a plot of T98G cell
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proliferation (two flasks) over 1 week (168 hours), incubated with 10B-BPA (black)
and 157Gd-DOTA-TPP (gray) following 3 Gy irradiation with a carbon ion beam.
Figure 16 is a plot of T98G cell proliferation (two flasks) over 1 week (168 hours),
following 3 Gy irradiation with a helium ion beam., while figure 17 is a plot of T98G
cell proliferation over 1 week (168 hours), incubated with 10B-BPA (black) and
157Gd-DOTA-TPP (gray), following 3 Gy irradiation with a carbon ion beam.

Figures 18A to 18D are plots of cell proliferation (growth in viable number of cells)
versus time (hours) post irradiation, up to a maximum of 7 days (168 hours) after
irradiation, for cells irradiated with all 9 dose values of a carbon beam (viz. 0 to 5 Gy).

Figure 18A corresponds to flasks containing cells which were incubated with the 10B
neutron capture compound prior to irradiation, while figure 18B corresponds to flasks
irradiated with the same dose values (0 to 5 Gy), in the absence of that neutron
capture compound. Figure 18C corresponds to flasks containing cells which were
incubated with the 157Gd neutron capture compound prior to irradiation, while figure
18D corresponds to flasks irradiated with the same dose values (0 to 5 Gy), in the
absence of that neutron capture compound. Cell proliferation is substantially
reduced in those flasks incubated with a neutron capture compound prior to
irradiation with the carbon beam.

Figures 19A to 19D are plots of cell proliferation (growth in viable number of cells)
versus time (hours) post irradiation, up to a maximum of 7 days (168 hours) after
irradiation, for cells irradiated with all 9 dose values of a helium beam (viz. 0 to 5 Gy).

Figure 19A corresponds to flasks containing cells which were incubated with the 10B
neutron capture compound prior to irradiation, while figure 19B corresponds to flasks
irradiated with the same dose values (0 to 5 Gy), in the absence of that neutron
capture compound. Figure 19C corresponds to flasks containing cells which were
incubated with the 157Gd neutron capture compound prior to irradiation, while figure
19D corresponds to flasks irradiated with the same dose values (0 to 5 Gy), in the
absence of that neutron capture compound. Cell proliferation is substantially
reduced in those flasks incubated with a neutron capture compound prior and
irradiated with the helium beam.

Figures 20A to 20D present the same data as that of figures 19A to 19D

(corresponding to the cells irradiated with the helium beam), respectively, but fitted
with a growth model. These figures illustrate the cell proliferation (growth in viable
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number of cells) over 7 days post irradiation (i.e. 168 hours).

In summary, the analysis shows a clear and substantial radiosensitisation achieved
by the introduction of the neutron capture agents ('°B-BPA and '*Gd-DOTA-TPP salt
complex). The effect of all dose values on the control cell cultures (in the absence of
neutron capture agents) is minimal. However, the cells treated with the '°B and

157Gd compounds show a reduction in proliferation rate by a factor of 4 to 5.
Replication of these results in tumour-bearing animals and subsequently human
patients is expected to result in achieving effective tumour control, at a fraction of the
dose delivered by the primary particle beam. This is expected to result in a reduction
of the normal tissue complications and unwanted side-effects of radiation on critical
organs.

These results further support an additional hypothesis with regards to the impact of
NCPET: its ability to target lesions adjacent or close to the target volume. In clinical
particle therapy, tissue adjacent and close to the target volume receives 40 to 60% of
the dose (the latter corresponding to organs in the path of the beam). The above
results demonstrate that only a fraction of such a primary beam, with the addition of a
neutron capture agent, can affect cell viability. Using neutron capture agents with
high selectivity, it can be envisaged that a precise lethal dose can be targeted to
malignant lesions at a cellular level.
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Modifications within the scope of the invention may be readily effected by those
skilled in the art. It is to be understood, therefore, that this invention is not limited to
the particular embodiments described by way of example hereinabove.

In the claims that follow and in the preceding description of the invention, except

where the context requires otherwise owing to express language or necessary
implication, the word “comprise” or variations such as “comprises” or “comprising” is
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used in an inclusive sense, that is, to specify the presence of the stated features but
not to preclude the presence or addition of further features in various embodiments of

the invention.

5  Further, any reference herein to prior art is not intended to imply that such prior art
forms or formed a part of the common general knowledge in any country.
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The Claims Defining the Invention are as Follows:

1. Anirradiation method for irradiating a target volume, the method comprising:

providing thermal neutron absorbing nuclides in or adjacent to the target
volume, such as in the form of a high neutron cross-section agent; and

producing neutrons by irradiating nuclei with a beam of particles consisting of
any one or more of protons, deuterons, tritons and heavy ions, thereby prompting
production of the neutrons through non-elastic collisions between the nuclei and the
particles;

wherein the neutron absorbing nuclides absorb neutrons produced in the non-
elastic collisions, thereby producing capture products or fragments that irradiate the
target volume.

2. A method as claimed in claim 1, including configuring the beam of particles so as

also to irradiate the target volume.

3. A method as claimed in either claim 1 or 2, wherein the beam comprises highly

energetic protons and/or heavy ions.

4. A method as claimed in any one of the preceding claims, wherein the beam

comprises protons, ‘He, 1°C, 'C, 12C, 150 and/or 180.
5. A method as claimed in any one of the preceding claims, including providing the
thermal neutron absorbing nuclides in the form of a composition containing 1°B

and/or '57Gd.

6. A method as claimed in any one of the preceding claims, wherein the composition

is preferentially absorbed by a malignant target tissue.

7. A method as claimed in any one of the preceding claims, wherein the capture

products or fragments comprise energetic charged particles.

8. A method as claimed in claim 7, wherein the capture products or fragments

comprise energetic charged particles of high relative biological effectiveness.

9. A method as claimed in any one of the preceding claims, wherein said beam
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irradiates matter along its path in a spot scanning manner, a uniform scanning
manner, a fast scanning manner, raster scanning manner, and/or a passively

scattered manner.

10. A method as claimed in any one of the preceding claims, wherein the beam

obtains appropriate energy by cyclotron or synchrotron.

11. A method of irradiating biological tissue using a proton, deuteron, triton or heavy
ion beam, the method comprising irradiating a target volume that includes the

biological tissue according to the method of any one of the preceding claims.

12. A method as claimed in any one of the preceding claims, wherein the nuclei for
irradiation with the beam of particles are located inside a subject within which is
located the target volume, and the point at which the beam deposits its maximum

energy is outside the subject.

13. A method of treating a patient, the method comprising irradiating a target volume
of the patient according to the method of any one of the preceding claims, the target

volume including biological tissue.

14. A method as claimed in claim 13, wherein the target volume is inside the patient,

and the beam deposits its maximum energy outside the patient.

15. A method as claimed in any one of claims 11 to 14, wherein the biological tissue
comprises a tumour or part thereof, one or more satellite lesions and/or one or more

metastatic lesions.

16. A method as claimed in any one of the preceding claims, further comprising
applying an immunotherapy in combination or conjunction with the irradiating of the

target volume.

17. A method of inhibiting growth of any one or more of a tumour, satellite lesion
and/or metastatic lesion, the method comprising:

dosing the tumour, satellite lesion and/or metastatic lesion with a composition
comprising thermal neutron absorbing nuclides; and

irradiating nuclei in or adjacent to the tumour, satellite lesion and/or
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intracranial lesion with a beam of particles consisting of any one or more of protons,
deuterons, tritons and heavy ions, thereby producing neutrons through non-elastic
collisions between nuclei in or adjacent to the tumour, satellite lesion and/or
metastatic lesion and the particles;

wherein the neutron absorbing nuclides absorb neutrons produced in the non-
elastic collisions, thereby producing capture products or fragments that irradiate the

tumour, satellite lesion and/or metastatic lesion.

18. A method as claimed in claim 17, wherein the beam comprises highly energetic

protons and/or heavy ions.

19. A method as claimed in either claim 17 or 18, wherein the beam comprises

protons, ‘He,'9C, 'C, 12C, 50 and/or 180.

20. A method as claimed in any one of claims 17 to 19, including providing the

thermal neutron absorbing nuclides in the form of a composition containing 1°B.

21. A method as claimed in any one of claims 17 to 19, including providing the

thermal neutron absorbing nuclides in the form of a composition containing '>’Gd.

22. A method as claimed in claim either 20 or 21, wherein the composition is
preferentially absorbed by the tumour, satellite lesion and/or intracranial metastatic

lesion.

23. A method as claimed in any one of claims 17 to 22, wherein the capture products

or fragments comprise energetic charged particles.

24. A method as claimed in claim 23, wherein the capture products or fragments

comprise energetic charged particles of high relative biological effectiveness.

25. A method as claimed in any one of claims 17 to 24, wherein said beam irradiates
matter along its path in a spot scanning manner, a uniform scanning manner, a fast
scanning manner, raster scanning manner, and/or a passively scattered manner.
Said irradiation results in the production of thermal neutrons which may be

subsequently captured by said thermal neutron absorbing nuclides.
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26. A method as claimed in any one of claims 17 to 25, wherein the target volume is

inside a subject, and the beam deposits its maximum energy outside the subject.

27. A method as claimed in any one of claims 17 to 26, wherein said beam obtains

appropriate energy by cyclotron or synchrotron.

28. A method as claimed in any one of claims 17 to 27, further comprising applying
an immunotherapy in combination or conjunction with the irradiating of the tumour,

satellite lesion and/or intracranial metastatic lesion.

29. A computer-implemented method of determining parameters for particle therapy,
the method comprising:
modelling or simulating, based on a set of default or selected parameters:

a) irradiation of nuclei in or adjacent to a target volume with a beam of
primary particles consisting of any one or more of protons, deuterons, tritons
and heavy ions;

b) production of neutrons through non-elastic collisions between the
nuclei in or adjacent to the target volume and the primary particles; and

¢) production of capture products or fragments released as a result of
the neutron capture and nuclear reactions between at least one high neutron
cross section agent and the thermal neutrons produced from the non-elastic
collisions between atoms in the target volume and the primary particles;
determining a difference between the production of the capture products or

fragments with either (i) a predetermined template or desired production of the
capture products or fragments, or (ii) empirical validation data; and

generating a modified set of parameters according to the difference.
30. A method as claimed in claim 29, wherein the modelling further comprises
modelling irradiation of a tissue within the target volume by the capture products or
fragments.
31. A method as claimed in either claim 29 or 30, wherein the tissue comprise a
tumour or a portion thereof, one or more satellite lesions and/or one or more

metastatic lesions.

32. A method as claimed in any one of claims 29 to 31, wherein the modelling further
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comprises locating a composition comprising the thermal neutron absorbing nuclides

in the target volume.

33. A method as claimed in any one of claims 29 to 32, wherein the parameters
comprise any one or more of:

i) duration of irradiation;

ii) composition of the beam;

iii) energy of the particles of the beam;

iv) peak radiobiological effectiveness of the particles of the beam,;

v) physical dose deposition of the particles of the beam;

vi) the composition;

vii) concentration of the composition;

viii) spatial distribution of the composition;

ix) fluence of the produced neutrons;

X) target volume position relative to the beam; and

xi) ion specific radiobiological efficacy.

34. A method as claimed in any one of claims 29 to 33, including modelling or

simulating the target volume as a tissue equivalent material.

35. A method as claimed in claim 34, wherein the tissue equivalent material

comprises PMMA (poly(methyl methacrylate)).

36. A method as claimed in any one of claims 29 to 35, wherein the modelling or

simulating comprises Monte Carlo simulation.

37. A method as claimed in any one of claims 29 to 36, wherein the empirical

reaction validation data comprises neutron fluence data.

38. A method as claimed in any one of claims 29 to 37, including determining one or

more sets of parameters for a particle therapy parameter library.

39. A method as claimed in any one of claims 29 to 38, including modelling or
simulating the nuclei for irradiation with the beam of particles as located inside a
subject within which is located the target volume and the beam of such energy is

used where its point of maximum dose deposition is placed outside of a subject
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within which is located the target volume.

40. Computer software configured to, when executed by one or more processors,
implement the method of determining parameters for particle therapy as claimed in

any one of claims 29 to 39.

41. A computer-readable medium, comprising the computer software according to
claim 40.

42. An irradiation system, comprising:

a particle source for supplying primary particles comprising any one or more
of protons, deuterons, tritons and heavy ions;

an accelerator for providing a particle beam by accelerating the particles;

an extraction beamline for extracting the particle beam from the accelerator;

one or more beam steering units configured to direct the particle beam; and

a control system for controlling the irradiation system;

wherein the control system includes or is configured to access an irradiation
program for implementing a predetermined irradiation of a target volume, the
predetermined irradiation comprising:

irradiating nuclei in or adjacent to the target volume with the particle

beam, thereby prompting production of neutrons through non-elastic collisions
between nuclei in or adjacent and the particles, whereby thermal neutron absorbing
nuclides provided before irradiation at the target volume absorb neutrons produced in
the non-elastic collisions, thereby producing capture products or fragments that

irradiate the target volume.

43. An irradiation system as claimed in claim 42, wherein the irradiation program, or
a set of parameters employed thereby, is adapted or personalized for a specific

target volume or subject.
44. An irradiation system as claimed in either claim 42 or 43, wherein the particle
source includes an ionizer for ionizing hydrogen, helium, carbon dioxide, oxygen or

other feed gas.

45. An irradiation system as claimed in any one of claims 42 to 44, wherein the

accelerator comprises a cyclotron or a synchrotron.
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46. An irradiation system as claimed in claim 45, wherein the accelerator further
comprises a linear accelerator for providing an initial acceleration to the particles and

feeding the cyclotron or a synchrotron.

47. An irradiation system as claimed in any one of claim 42 to 46, wherein the target

volume includes a tumour or part thereof, or one or more micrometastases.

48. An irradiation system as claimed in any one of claims 42 to 47, wherein the
system is controllable to irradiate the nuclei with the beam of particles when the

nuclei are located outside a subject within which is located the target volume.

49. A control system for controlling an irradiation system, the control system
comprising:

a particle supply controller configured to control a particle source of the
irradiation system, the particle source supplying primary particles comprising any one
or more of protons, deuterons, tritons and heavy ions;

an accelerator controller configured to control an accelerator of the irradiation
system, the accelerator providing a particle beam by accelerating the particles;

a beam steerer for controlling one or more beam steering units configured to
direct the particle beam; and

an extraction controller for controlling extraction of accelerated particles from
the accelerator;

wherein the control system includes or is configured to access an irradiation
program for implementing a predetermined irradiation of a target volume, the
predetermined irradiation comprising:

irradiating nuclei in or adjacent to the target volume with the particle
beam, thereby prompting production of neutrons through non-elastic collisions
between thermal neutron absorbing nuclei provided in or adjacent to the target
volume and the particles, whereby thermal neutron absorbing nuclides provided
before irradiation at the target volume absorb neutrons produced in the non-elastic
collisions, thereby producing capture products or fragments that irradiate the target

volume.

50. A system as claimed in claim 49, further comprising a treatment planning system

(TPS) configured to determine the irradiation program.
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51. A system as claimed in either claim 49 or 50, further comprising a couch
controller for controlling a position and/or orientation of a subject couch one or more
times, so as to locate the target volume relative to a particle beam provided by the

irradiation system to deliver the predetermined irradiation.

52. A control system as claimed in any one of claims 49 to 51, wherein the control
system is operable to implement irradiation of the nuclei with the beam of particles
when the nuclei are located outside a subject within which is located the target

volume.

53. A method for controlling an irradiation system, comprising controlling the

irradiation system to perform the method of any one of claims 1 to 39.
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