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Neutron capture therapy (NCT) is a targeted radiotherapy for cancer treatment. In this
method, neutrons with a spectra/specific energy (depending on the type of agent used for
NCT) are captured with an agent that has a high cross-section with these neutrons. There
are some agents that have been proposed in NCT including '°B, *’Gd and *3S. Among these
agents, only B is used in clinical trials. Application of *’Gd is limited to in-vivo and in-vitro
research. In addition, 33S has been applied in the field of Monte Carlo simulation. In BNCT,
the only two delivery agents which are presently applied in clinical trials are BPA and BSH,
but other delivery systems are being developed for more effective treatment in NCT. Neu-
tron sources used in NCT are fission reactors, accelerators, and 2*2Cf. Among these, fission
reactors have the most application in NCT. So far, BNCT has been applied to treat vari-
ous cancers including glioblastoma multiforme, malignant glioma, malignant meningioma,
liver, head and neck, lung, colon, melanoma, thyroid, hepatic, gastrointestinal cancer, and
extra-mammary Paget’s disease. This paper aims to review physical, dosimetric and clinical
aspects as well as delivery systems in NCT for various agents.
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1. Introduction

Neutron capture therapy (NCT) is a treatment method to selec-
tively target malignant cells. In this method, neutrons with a
spectra/specific energy are captured with an agent that has
a high cross-section with those neutrons, and the neutron
energy used depends on the type of the agent used. There
are some agents that have been proposed in NCT including
108, 157Gd and 23S and treatments with these agents are called
BNCT, GANCT and SNCT, respectively. In the following sec-
tions, each of these modalities are described.

1.1. BNCT

BNCT was first described in1935 by Taylor.! It is a targeted
radiotherapy based on the nuclear capture that occurs when
0B (non-radioactive) is irradiated with thermal neutrons
(energies less than 0.5eV). It is notable that °B absorption
cross-section follows a 1/v law (v is neutron velocity) very
accurately in the energy range from 0 to 10*eV. Therefore,
10B-n capture reaction can occur even at energies higher than
the thermal energies, although the thermal energies are more
effective. Following the interaction, high linear energy trans-
fer (LET) products (alpha particles and recoiling ’Li nuclei) are
produced.’” The deposited energies of these heavy particles
are shown below®:

These products deposit their energies in a range of 5-9 pm.
This range corresponds to the diameter of a cell,’ and the
harmful effects of these compounds with high LET are limited
to boron comprising cells. Therefore, BNCT presents a method
to selectively eradicate malignant cells and spare adjacent
normal cells.® Fig. 1 shows the nuclear reaction which is
related to BNCT. For a successful BNCT, an adequate amount of
108 should be selectively accumulated in the tumor. Moreover,
sufficient thermal neutrons should be available to create a
large number of capture reactions.'? Also, it has been reported
that when the efficiency of BNCT is limited with thermal neu-
trons, replacing light water with heavy water can increase
the maximum therapeutic depth. As Blagojevic et al. showed,
concentrations of heavy water in humans is not toxic up to
23%.'11?Moreover, BNCT is clinically used for treatment of
different tumors.'>"8

1.2. GANCT

Besides 9B, 1°’Gd is used as an agent for NCT. Gadolinium
element has seven stable isotopes including “1°2Gd (0.205%),
154Gd (2.23%) 1°°Gd (15.10%), 1°6Gd (20.60%), °’Gd (15.70%),
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Fig. 1 - Neutron capture reaction with 1°B.

158Gd (24.50%), 1°Gd (21.60%)”.*° Among these nuclides, 1°’Gd
and 1°°Gd have the largest cross-sections to capture with ther-
mal neutron, as their cross-sections of neutron capture are
255,000 and 60,800 barns, respectively.’’ These are approxi-
mately 66 and 16 times greater than those of 1°B, respectively.
Furthermore, it is notable that cross sections of neutron cap-
ture for the other isotopes are insignificantly small for dose
calculations.” It is shown that the highest capture cross-
section for gadolinium is at energies below 0.2 eV.?! GANCT is
not a fission reaction and is more complex than BNCT.?” The
interaction products of the GANCT are high energy gamma-
rays, internal conversion (IC) electrons, X-rays, and auger
electrons. The average energy of the gamma-rays and IC elec-
trons are approximately 2.2 MeV and 45 eV, respectively, and
their path lengths are several centimeters and several mil-
limeters, respectively. In addition, the auger electrons have
very low energy, as their path lengths in aqueous solutions are
several nanometers.”” GANCT is chiefly based on the action
of internal conversion and auger electrons produced by *’Gd
after neutron capture.” In Fig. 2 the neutron capture reaction
with 17Gd is illustrated.

As this ionizing radiation is restricted to molecular dimen-
sions, i.e. 5-40nm, for inducting considerable DNA injury in
malignant cells, it is necessary to position the »Gd atoms
within the DNA helix.?”> It is notable that the success of
GdANCT depends on the relative biological effectiveness (RBE)
of gamma-rays, IC and auger electrons, as RBE directly relates
to the placement of the 17Gd atoms with regard to the DNA
of cancer cells.”? The auger electrons produced by the GANCT
reaction have a very high LET, due to their nanometer range.
The auger emitters located adjacent to the DNA strands of
malignant cells are able to induce a level of DNA injury
which is 5-10 times greater than the high energy gamma-rays.
Additionally, the RBE of the IC electrons can be considered
intermediate between those of the auger electrons and the
high energy gamma-rays.”? The following reaction formula
shows capturing >’ Gd and '*>Gd with thermal neutrons'®:

1.3. SNCT

In addition to B and '>’Gd, a few nuclides capture higher
energy neutrons at definite energies, because of resonances
in the cross-section of NCT. A particular case among these
nuclides is 33S that was introduced by Porras in 2008.%* This
isotope is stable and there is a small proportion for it (about
0.75%) in natural sulfur.?* As there is sulfur in proteins related
to tumor metabolism, it is a promising option for targeting
tumor cell nuclei.?” In SNCT, alpha particle emission is the
most probable decay pathway in the neutron capture reac-
tion, as opposed to photon emission, which is dominant in
all elements in the chart of nuclides.”” It has been proposed
that in tumors with high concentration of 333, the presence of
this isotope can supplement the effect of 1°B in BNCT if neu-
trons with energy of 13.5keV are applied.?® In SNCT, the most
significant resonance for NCT is 13.5keV, because of the fol-
lowing characteristics: “(1) this energy is in the range of the
energies which are utilized in epithermal BNCT; (2) it is a low
energy for the background dose in the tissue; (3) both 33S and
30si (the products of the reaction) are stable; (4) practically
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Fig. 2 - Neutron capture reaction with 1°7Gd.

there is no gamma ray is emitted, therefore, all the energy
produced is delivered locally”.?®> In addition, at these ener-
gies, the cross-section of 33S (n, «) reaction is comparable to
the cross-section of hydrogen elastic interaction, which cor-
responds to the main interaction of neutrons in water.?* It is
notable that for tumor treatments which need a high dose both
at a few centimeters and at the superficial depths, the simul-
taneous use of B and 33S is a possibility. Because the dose
enhancement near the surface results from the presence of
335, while at a few centimeters depth, it can mainly be caused
by 19B.?” Porras showed using Monte Carlo simulations a neu-
tron physical dose enhancement in a water medium in a high
concentration of 33S when a neutron source of 13.5keV was
applied.?* Furthermore, this effect could be higher due to the
high LET of alpha particles emitted which have a mean energy

of 3.1 MeV. The following reaction formula shows capturing 33S
with neutrons of 13.5keV?*:

2, Various delivery systems in NCT for
targeted cancer therapy

The selective delivery of an adequate amount of NCT agents
to the target cells within a tumor, low toxicity, accumulation
and permanence in the tumor during neutron irradiations,
and quick clearance from normal tissues and blood are the
most important requirements for cancer treatment via NCT.
Moreover, the tumor tissue heterogeneity is one of the most
significant issues which lead to the heterogeneous uptake
of the NCT therapy agents. Generally, within the tumor, the
peripheral and necrotic regions have a higher uptake and

Table 1 - Summarized recent developments in nanotechnology based NCT agents’ delivery systems.

No  Nanocarrier NCT agent Concentration  In-vitro/in-vivo model Findings Ref.
1 SWCNTSs C2B1o 23 and BALB/c mice bearing The boron atoms are concentrated =
carborane 50 mg/Ml EMT6 tumor cells more in tumors cells than in blood
cage and other organs
2 Boron nitride Boron nitride 10 pg/mL T98G cells Substantive and selective uptake of =
nanotubes nanotubes these nanocarriers by glioblastoma
multiforme cells
3 Dendrimer Isocyanato 1-75 pg/ul Murine B16 Accumulation of bioconjugate in liver 2
polyhedral melanoma and spleen
borane
4 Gold B1oC, cage 0.14-0.22 ppm Osteosarcoma cells Excellent biocompatibility e
nanoparticle
5 Chitosan Gd-DTPA 1200 pg/mouse Mice bearing 92% retention of Gd-DTPA at the e
subcutaneous tumor site after 24 h
B16F10 melanomas
6 Liposome Gd-DTPA 6.8+ 0.3 mg/mL Tumor-bearing Prolonged blood circulation time and L2
C57BL/6 mice improved stability
7 Magnetic 1-R-2-butyl- 35mg/mL BCAP-37 bearing High boron concentration of 51.4 png/g 7
nanoparticles ortho- BALB/c mice tumor and magnetic field target ability

C2B10H1o
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dense areas have a lower uptake. Hence, proper cancer cell
specific targeting and deliver strategies can eliminate these
problem (Table 1).28

Boric acid and its derivatives were used in 1950s and
early 1960s as the BNCT delivery agents, but low tumor/brain
ratios and poor tumor retention were attained and they
were nonspecific.’’ In the 1960s, two other boron compo-
sitions, one based on arylboronic acids, [(L)-4-dihydroxy-
borylphenylalanine] named BPA*C and the other one based
on polyhedral borane anion, sodium mercaptoundecahydro-
closo-dodecaborate, named BSH®!, were used as BNCT
delivery agents. These components were classified as the sec-
ond generation of BNCT delivery agents which had lower
toxicity and longer tumor retention time than the related
molecules. These two complexes in conjugation with fructose
have been applied clinically in Argentina, the United States,
Japan and Europe.?

Because of these delivery system’s disadvantages and
limitations, a third generation of delivery system has been
developed based on targeting approaches. Conjugation of sta-
ble boron cluster to a tumor targeting moiety via hydrolytically
stable linkage developed as the third-generation of boron
delivery systems. To date, there are two main targeting strate-
gies towards cancer cells and tissues: passive and active
targeting. Passive targeting utilizes the enhanced permeability
and retention (EPR) effect where the extravasation of nano-
sized particles is facilitated. The EPR effect is due to the
production of the vascular permeability factors like vascular
endothelial growth factor (VEGF), nitric oxide (NO), bradykinin,
peroxynitrite (ONOO-), prostaglandins and also defective vas-
cular architecture.®” Active targeting is an alternative and
complementary approach to passive targeting. This method
is based on the conjugation of specific antibodies or ligands to
the molecules expressed on cancer or the capillary endothe-
lium cells. The vascular endothelial growth factor receptors
and integrins are two main capillary endothelium targeting
moieties which can be used to control delivery vectors biodis-
tribution and to regress tumors.>>

This class of delivery systems is divided into two main cat-
egories: (1) low molecular weight targeting system and (2) high
molecular weight targeting system.

2.1. Low molecular weight agents

Different types of amino acids like aspartic acid, methionine,
glycine, cysteine, alanine, tyrosine and non-naturally occur-
ring amino acids have been used for BNCT.>*” The main
advantage of this delivery system is relatively high deliv-
ery efficacy which can deliver high concentration of boron
to the tumor without affecting toxicity. Closo-BjoH1p?~ and
closo-BjoHy»?~ are the polyhedral borane dianions and closo-
CyB1oH12 and nido-C,yBgHq,~ are the icosahedral carboranes
which have attracted attention due to their high boron con-
tent, hydrophobic character, negative charge, and chemical
and hydrolytic stability.>®

DNA-binding agents and biochemical precursors are the
other types of low molecular delivery agents. Different ana-
logues of purines, pyrimidines, nucleosides, and nucleotides
such as the 3-(dihydroxypropyl-carboranyl-pentyl) thymidine
derivative N5-20H, plasmid DNA, and h-5-o-carboranyl-2V-

deoxyuridine have been studied in cellular and animal models
which have shown tumor selectivity and low toxicities.?%4°

Martin et al. for the first time demonstrated that the
irradiation of plasmid DNA/Gd3* mixture via Coster-Kronig
electrons could induce DNA double-strand breaks (DSB). They
also showed that addition of EDTA to the mixture markedly
reduced the DSB due to the sequestering of the Gd3* from
DNA.#!

Polyamines, groove binders, alkylating agents and interca-
lators are DNA-binding molecules which have been applied
as boron-containing delivery agents. Derivatives of triben-
zimidazoles, aziridines, arboranylpolyamines, Pt (II)-amine
complexes, acridines, phenanthridines, and trimethoxyin-
doles are some examples of this class of delivery system.
There is some controversy in this class of delivery agents,
although some derivatives of these components have shown
low toxicity. 404244

Phthalocyanine, phenanthridines, and acridines deriva-
tives are boron-containing fluorescent dyes which have this
ability to interact with DNA to be quantified and detected
with fluorescence microscopy. In this group, boron-containing
porphyrins are more interesting due to their remarkable stabil-
ity, low systemic toxicity and easy synthesis with high boron
content.*>*#

Sodium mercaptoundecahydro-dodecaborate
(Nap'°B;,H,1SH:BSH) and borono-phenylalanine (1°BPA)
are two BNCT delivery agents currently applied in clinical
trials but, due to their low tumor-to-normal brain tissue
and tumor-to-blood 1°B ratios, these components are not
universally attractive.*84

In another study, Miura et al. compared boron uptake of BPA
and BSH with carboranylporphyrin CuTCPH in mice bearing
implanted EMT-6 mammary carcinoma. The results showed
that CuTCPH has a longer retention time in comparison with
BPA and BSH which is important in the timing of clinical BNCT
treatment. Moreover, they showed that CuTCPH can deliver
high concentrations of boron to tumor.>®

2.2.  High molecular weight delivery agents

Monoclonal antibodies (mAbs) and nanomaterials are major
delivery agents in this class. Various studies have used mAb
cetuximab (IMC-C225) and epidermal growth factor (EGF) to
target mutant isoform of EGF receptor (EGFR) which are
overexpressed in different tumors containing squamous cell
carcinomas of the head and neck gliomas.”?

2.2.1. Nanotechnology and nanomaterials

Nanotechnology is the engineering and science of particles
that are on a nanoscale. These particles are approximately
1-100 nanometers (nm) in size. Nanomaterials of this size
show novel characteristics. Nanotechnology and nanoma-
terials have attracted attention because of their unique
physico-chemical and optical characteristics in addition to
their nanometric size.’>>?Nanomaterials could be the best
targeting vectors for different cancers due to their multi-
functionality which could be conjugated with various cancer
specific ligands.>®> Moreover, there are different types of
nanomaterials with different composition, size, shape, and
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physico-chemical properties which can be selected for differ-
ent cancers and NCT delivery strategies.

2.2.2. Boron nitride and carbon nanotubes

Carbon nanotubes (CNTs) are interesting allotropes of carbon
comprised of pure graphite (a hexagonal lattice of carbon)
which is rolled as cylindrical hollow fiber. Their outstanding
properties such as superb mechanical properties, nanoscaled
size, and cylindrical arrangement of carbon atoms, low mass
density, excellent conductivity, and high thermal stability
have attracted attention. The flexibility and stability of CNTs
are two important parameters in delivery applications which
provide long circulation time and bioavailability. In this regard,
Yinghuai et al. used nitrene cycloaddition to attach C;B1p
carborane cage to the side wall of single wall carbon nano-
tubes (SWCNTs). Their biodistribution studies showed that
concentration of boron atoms in tumor is more than blood
and other organs suggesting that this nanocomplex can be a
good nanocarrier for boron in BNCT of cancers.>*

Toxicity and water solubility are the main challenges of car-
bon nanotube. Boron nitride and Carbon nanotubes (BNCNTS)
are isosteres of CNTs because boron-nitride is isoelectronic
with carbon and can be used in BNCT as a carrier. Studies
have shown that BNCNTs can be functionalized with differ-
ent biological moieties and have no toxicity against HEK293
cells.”® Various studies have used quinuclidine bases, glyco-
dendrimers, polyethyleneimine (PEI) and poly-l-lysine (PLL) to
make the complex water soluble. Folic acid and transferrin
are two active targeting agents which conjugated with BNC-
NTs against human glioblastoma multiforme (GBM) T98G cells
and human endothelia cells, respectively.”®>’ These active tar-
geting agents made BNNTSs selective against target cells and
assisted in the accumulation of BNCNTs into the tumors.

2.2.3. Liposome

Liposomes are versatile, small spherical and nontoxic
nanocarriers composed of cholesterol and natural non-toxic
phospholipids.®® Liposomes have attracted attention as the
boron delivery carrier due to their biocompatibility, amphi-
pathic nature and nanoscale size. The surface of these
nanocarriers have the ability to be modified with various func-
tionality and targeting agents, such as Polyethylene glycol
(PEG), for increasing blood circulation time,”® mAb or their
fragments, Epidermal Growth Factors (EGF), folic acid and
transferrin for active cancer targeting.>®°!

In 1992, Moore and his colleagues proposed that lipo-
somes have the ability to overcome the low solubility problems
of 5-(3-(1,2-decaboronyl) propyl)-6-methyl-thiouracil, DBTU-1.
They encapsulated DBTU in liposome particles and confirmed
the presence of boron using electron energy loss spectroscopy.
The biodistribution study showed that liposomes facilitate the
delivery of the insoluble DBTU-1 and DBTU-2 to the amelan-
otic MM418 tumor and the highly melanised harding passey
tumor, respectively.®?

In their study, Le and Cui encapsulated Gd-DTPA into the
liposome via freeze-thaw and increased blood circulation time
with pegylation. They also limited the leakage of liposome via
conjugation of Gd-DTPA with poly-L-lysine.®?

In another study, Peters’ group has prepared different
liposomal formulations of gadolinium-DTPA via lipid/film-

extrusion method for NCT treatment of glioblastoma. Their
results show that the nanocomplex has toxicity effects on F98
and LN229 cells following the radiation.®*

2.2.4. Dendrimer

Dendrimers are nano-sized, highly branched, radially sym-
metric star-shaped macromolecules with well-defined,
monodisperse and homogeneous structures.® Core molecule,
repeat units and reactive surface groups are three main parts
of a typical dendrimer. Low toxicity and multiple types
of reactive terminal groups make dendrimers ideal plat-
forms for imaging and delivery applications. Several studies
have applied targeting agents conjugated with dendrimers
for BNCT. Terminal functional groups of dendrimers are
ideal sites for attachment of boron components.®® Barth
et al. attached water soluble isocyanato polyhedral borane
[Na(CHs3)3sNB1pHgNCO] to second- and fourth generation
PAMAM dendrimers which have 12 and 48 reactive terminal
amino groups, respectively.®’ %8 In other studies, EGF, folic
acid and VEGF were used for targeting of dendrimers.®®~/*

In their study Kobayashi et al. prepared dual imaging
and therapeutic avidin—dentrimer—(1B4M-Gd),s4 (Av-G6Gd) for
interperitoneal disseminated tumors which can be tracked
with MRI. Their in-vitro and in-vivo (intraperitoneal) stud-
ies show that the human ovarian cell line, SHIN-3 cells, can
uptake this nanocomplex effectively.”?

2.2.5. Magnetic nanoparticles

Targeted delivery of a therapeutic agent to tumor location is
the main challenge of cancer therapy. Apart from using tar-
geting molecules, external physical manipulation, magnetic
control of the therapeutic complex can also be very effective.
Magnetic manipulation is a versatile tool to direct therapeutic
agents to the tumor location. In this regard, appropriate cargos
are attached to a magnetic nanoparticle and after adminis-
tration into the patients circulatory system, an external high
gradient magnetic field is applied to manipulate and direct
the nanocomplex. Magnetic drug delivery can be used in NCT
treatment of cancers.

Zhu et al. attached 1-R-2-butyl-ortho-C;B1oHjo to starch
covered iron oxide magnetic nanoparticle and examined its
biodistribution. Their results show that in the presence of a
magnetic field, the boron concentration in the tumor tissue is
51.4 ug/g of tumor, while the tumor/normal tissue ratio is 10:1.
This study opened hope for combination of magnetic targeted
BNCT with MRI modality.”*

2.2.6. Metallic nanoparticles

Metallic nanoparticles are an important class of nanoparti-
cles which have many applications due to their outstanding
properties, but their application as NCT delivery agents is lim-
ited due to their intrinsic difficulties of attaining a sufficient
amount of boron, toxicity, and poor water solubility of the
resulting complex. In one study, Ciani et al. tried to address
these limitations. They attached B1oC; cage to poly (ethylene
oxide)-b-poly (caprolactone) diblock-copolymer (PEO-b-PCL).
Next, this complex was conjugated to SH bearing carboranes
functionalized gold nanoparticles. Their in-vitro results show
that the nanocomplex has excellent biocompatibility and
the ability to concentrate rational amount of boron atoms
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in the target cell’* In another study, Mandal et al. devel-
oped multifunctional gold nanoparticle for boron delivery and
florescence imaging. They covered GNPs with BPA and Fluores-
cein Isothiocyanate (FITC) functionalized oppositely charged
polyelectrolytes via a layer by layer method and then attached
folic acid to the outer layer of polyelectrolytes as the targeting
agent. Their results show significant uptake of the nanocon-
jugate by folic acid over expressing cancer cells.”®

2.2.7. Polymeric nanoparticles
Different types of polymeric nanoplatforms have been
used as NCT delivery agents. Shogo Sumitani et al. used
radical copolymerization of acetalpoly (ethyleneglycol)-block-
poly (lactide)-methacrylate with 4-vinylbenzyl substituted
closo-carborane to prepare polymer-based boron-containing
nanoparticles. Their results show that the nanoconjugates
were stable in PBS and 10% FBS with negligible leakage in a
50h period and have a long circulation time.”®

Chitosan is a natural linear polymer composed of D-
glucosamine (deacetylated unit) and N-acetyl-D-glucosamine
(acetylated unit) with B-(1-4) bonds. Various studies have
used chitosan nanoparticles as the NCT delivery agent. Saha
et al. developed Gd-DTPA-doped chitosan microparticles for
NCT applications. Their in-vitro studies confirmed stable
gamma-ray emission from this delivery agent.”’ In another
study, they improved Gd loading up to 45% via the emulsion-
droplet coalescence technique and nearly 100% deacetylation
of chitosan.”®

Ichikawa et al. investigated the influence of Gd con-
tent, particle size and surface charge of Gd-loaded chitosan
nanoparticles on their tumor-killing efficacy. Their results
showed that the efficacy was related to the micrometric prop-
erties of the nanocomplex and smaller nanoparticles had
higher tumor growth inhibition efficacy than larger ones
because of the greater Gd retention in the tumor tissue.””

2.2.8. Sulfur containing components

Various studies have confirmed the efficacy of 33S either alone
or in combination with boron in NCT cancer treatment.?»%>
Different types of components can be used as sulfur delivery
agents. MoS; and WS, nanoparticles are attractive candidates
for high local concentration delivery of 33S to tumors. These
nanostructures have this ability to concentrate about 7000 33S
atoms in a three-layer octahedral of 5-nm size. More inter-
estingly, WS, nanoparticle is biocompatible and with size of
5nm can be concentrated up to 7mg/g in tumors.?° Protein
based nanocarriers are other candidates for sulfur delivery.
Excellent biodistribution properties and targeting ability make
apoferritin an ideal carrier of 335.8" In addition, sulfur con-
taining proteins such as metallothioneins have the ability to
concentrate 33S 10 times more than required for BNCT.??

3. Neutron sources for NCT

There are three neutron sources for NCT including fission
reactor, accelerator, and californium-252 (?>2Cf).%>

The most powerful neutron sources for NCT are nuclear
reactors.”? In fission reactors, two methods are applicable to
the design of epithermal neutron irradiation equipment. The

first way is to use neutrons directly from the core as the source,
which is the dominant way for conversion or modification of
available reactors for NCT. The second way is related to using
a fission converter; as it changes reactor’s thermal neutrons to
greater energy fission neutrons. Finally, to prepare epithermal
neutrons, the beams resulting from fission are moderated and
filtered.®*

Another neutron source is radiofrequency quadrapole
(RFQ) accelerator. The accelerators used as a neutron source
in NCT range from electrostatic machines of low energy to
cyclotrons of higher energy. In addition, there are much higher
energy synchrotrons or linacs for this purpose.®> Recently, a
cyclotron with 30 MeV proton energy was mounted at Kyoto
University, which generates very high energy neutrons of
up to 28 MeV.?® There is also an RFQ-DTL being installed at
Ibaraki prefecture, near Tsukuba, intended to work with an
8MeV proton beam, producing neutrons of up to 6 MeV. This
source is considered as the most promising method for neu-
tron generation.®? In other words, an accelerator would be
considered as a beneficial neutron source for NCT in a hos-
pital for following reasons: (1) in terms of public acceptance,
accelerators are better than reactors; (2) it mainly involves less
complexity with regards to accountability, licensing and dis-
posal of nuclear fuel; (3) it has the ability to turn on and shut
down; (4) the generated neutrons usually need less modifica-
tion than those from a nuclear reactor (expect for cyclotrons
of higher energy); (5) it could be cheaper and more compact
than a comparable reactor.3#* However, the accelerator gen-
erates neutron fluxes with low intensity in comparison with
the nuclear reactors and this is a disadvantage for implemen-
tation. So, an increment in intensity would be essential if the
accelerators are to be used for clinical NCT.838* Furthermore,
the latter machines generate neutrons with very high ener-
gies and it should be moderated severely to use in NCT as a
neutron source. A matter of concern related to these high-
energy neutron is activation of surrounding materials.®®> To
date, most clinical irradiations have applied fission reactors as
neutron sources, however, accelerators as a source of neutrons
are under development and have been used less frequently.

In addition to fission reactors and accelerators, 252Cf
is a neutron source that has been used in clinical tri-
als as a brachytherapy source since the early 1970s. It is
a man-made nuclide which emits at a neutron rate of
2.31 x 102 neutrons/s per g.8” 252Cf spontaneously emits a fis-
sion spectrum of neutrons with an average energy of 2.35MeV
and a yield of 3.76 neutrons per fission.®® The dose rate obtain-
able based on a very large (1.0 g) source of 2°2Cf is 4.1 RBE cGy/
min.® Furthermore, gamma rays with a mean energy of 1 MeV
are emitted.®® A way to diminish the total gamma contamina-
tion as well as to have an adequately high epithermal neutron
flux is using various photon filters of different thickness.?®
22Cf source has a very compact NCT facility and it also has
better public acceptance than fission reactors due to its intrin-
sic criticality safety. However, due to the 2.6 year half-life of
the isotope, it requires frequent substitution of the expensive
252¢Cf and also a large amount of 2°2Cf is needed (in the order
of 1g). In addition, neutron filtration and moderation would
be required.®®> Additionally, related to the dose rate of 2°2Cf,
it is two to five times lower than those obtained by existing
fission reactors and is a drawback of using 2>2Cf as a neutron
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source. However, radioisotope sources have the advantage of
in-hospital installation.®® It should be noted that the use of
252Cf as an NCT source is mostly for statistical simulation
studies rather than clinical trials.

4. Physical dosimetry of NCT

The total dose obtained from the sum of the dose com-
pounds from gamma rays, protons, neutrons, and production
of capture.'? It is notable that the capture agent determines
the production type of capture. In addition, the dose received
to the tumor volume is a compromise amongst the neutron
fluence, the cross-section of the isotopes used in the various
nuclear procedures, and the concentration of capturer agent
in the tumor.?”

In BNCT and GANCT, the total dose includes four distin-
guished radiation components, each of them having various
biological weighting factors. As a result, it is essential to
quantify each of these compounds separately, so that signifi-
cant biologically weighted doses can be calculated for various
tumor and normal tissues. It should be noted that three out of
four aforementioned components are common between BNCT
and GANCT. The three components are'%%3:

1) The neutron dose: according to H (n,n) P reactions, fast
and epithermal neutrons cause elastic neutron collisions
with hydrogen in tissue.

2) The gamma dose: the dose arising from gamma rays
induced in the tissue itself, i.e. according to 'H (n.) H reac-
tions, hydrogen in tissue absorbs thermal neutrons and
emits gamma rays with 2.2MeV energy. In addition, the
gamma dose is because of gamma-rays accompanying the
neutron beam.

3) The proton dose from nitrogen-14 (N) capture: given that
14N (n,p) *C reaction, *N element in tissue captures a ther-
mal neutron and as a result, a proton is emitted. Dose is
obtained from locally delivered energy from the recoiling
14C nucleus and the energetic proton.

The fourth dose component in BNCT is the dose arising
from the '°B nuclear reactions: 1°B captures a thermal neu-
tron and, as a result, an alpha particle and recoiling ’Li ion
are emitted, each of these particles has high LET with mean
energy of about 2.31 MeV. As scheme 1 demonstrates, most of
the time (93.7%), the recoiling ’Li ion is generated in an excited
state and is de-excited by emitting a 0.477 MeV gamma pho-
ton. In the 6.3% reactions, the ’Liis transited to the stable state
without gamma photon emission, in other words, the emitted
gamma photons can be ignored from a dosimetry viewpoint
because they are approximately two orders of amplitude less
frequent and approximately half the energy of the 2.2MeV
gamma photons is due to the hydrogen capture, although they
are mostly applied for 1°B analysis purposes.®#3 Furthermore,
the fourth dose component in GANCT is natural gadolinium
dose. 1¥Gd and °>Gd have the highest cross-sections to cap-
ture with thermal neutrons (cross-sections of neutron capture
of 255,000 and 60,800 barns, respectively), so these two iso-
topes are considered as gadolinium dose (80% *’Gd and 20%

155Gd) and for the other isotopes, the nuclear reaction cross-
sections are negligibly small for dose calculations.

In SNCT, the total dose is obtained from the following dose
compounds: sulfur, neutrons, primary and secondary gamma
photons. Following the 33S (n,a) 3°Si interaction, the emitted
alpha particles have an average energy of 3.1 MeV with LET of
126 keV/pm and range of 15 pm.?*26:27

In addition to the items mentioned above, related to NCT
dosimetry, there are several studies that have focused on
methods of NCT dosimetry, for example the use of MOSFET,
silicon, etc.92-93

5. Clinical studies of NCT for various
cancers

To the best of our knowledge, the SNCT method has only been
investigated in the field of statistical simulation. On the other
hand, the GANCT method has been evaluated in the field of
in-vivo and in-vitro trials, so in this section, clinical studies
related to BNCT methods are reviewed. Furthermore, there are
numerous preclinical studies related to BNCT. For more details
about these studies, please refer to them directly.**’

BNCT clinical trials have been carried out in the
United States,’® Finland,*® Japan,'®® Taiwan,'°® Argentina,'®?
Netherland,'®® Italy,'* Germany,'® Sweden'% and the Czech
Republic.’”” This treatment modality has been applied for
the treatment of brain (glioblastoma multiforme, malignant
glioma, and malignant meningioma), liver, head and neck,
lung, colon, melanoma, thyroid, hepatic, gastrointestinal can-
cer, and extra-mammary Paget’s disease.'%®

The first BNCT clinical trial was carried out on ten patients
with terminal GBM brain tumor between the years 1951 and
1953. In this study, Na;B407; which was considered as a rel-
atively nontoxic agent was applied as a BNCT drug. It is
observed that all the ten patients died because of tumor
recurrence without increase of their survival times.1%110 In
addition to this study, three other studies (up to 1961) were
conducted on patients with GBM tumor. Simple inorganic
boron compounds were used in these studies. For many
patients, drastic side effects like untreatable skin burns of
the scalp and deep ulcerations were presented. The results
of the four studies were similar to the consequences of con-
ventional radiation therapy. Therefore, it was concluded that
these drugs were not sufficiently tumor-specific and the ther-
mal neutrons did not have deep penetration characteristics.?
The disappointments from the first pioneering BNCT studies
in patients which were conducted from 1951 to 1961, resulted
in the termination of BNCT clinical trials in the United States.
Then all BNCT studies in the United States focused on the
development and optimization of BNCT agents via in vivo and
in vitro studies. Further searching for boron carriers resulted
in the development of Na2[B12H11SH] or BSH.>! After the
United States, in 1968 and in Japan, clinical trials were per-
formed on patients with grade 3 and 4 GBM. All patients were
administrated BSH and corticosteroids to manage adverse
effects of the treatment. The results demonstrated consider-
able improvement with an average survival of 44 months and a
median of 26 months.''-13 [n 1987 in Japan, Mishima et al.’'*
began to treat superficial melanoma utilizing BPA. Their study
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Table 2 - Several clinical studies in the field of BNCT.

Tumor type Country Treatment date Carrier type Ref.
GBM Finland 2008 BPA T

Head and neck Finland 2011 BPA St
Glioblastoma Japan 2009 BPA and BSH il
Head and neck Japan 2014 BPA i
Malignant glioma Japan 2009 BPA g20.22
Malignant meningioma Japan 2012 BPA 2

Head and neck Taiwan 2010-2011 BPA e
Hepatic Japan 2014 BSH e

Lung Japan 2012 - g28
Extra-mammary Paget’s disease Japan 2012 - s

GBM USA 1994-1999 BPA BeoEees
GBM Sweden 2001-2003 BPA Aol
GBM Germany 2004-2006 BPA 032

GBM Czech Republic 2000-2002 BSH ke

was a significant step towards the use of BNCT in treatment of
other tumor kinds far from the central nervous system.'%%114
As it was mentioned in the various delivery systems for NCT
section, both BSH and BPA are still being used as carriers only
in clinical trials for BNCT. Furthermore, many of these BNCT
programs have been stopped due to high cost of nuclear reac-
tors as well as their absence in the hospitals.'%®

Given the many clinical studies in the field of BNCT, a num-
ber of these studies are presented in Table 2. For more details
about these studies, please refer to them directly.
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NCT strives to improve the quality of life in patients by reduc-
ing the number of treatment fractionation sessions compared
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The 7 Gd is a dual purpose agent which can be used both
for therapeutics and in imaging purposes. Additionally, 33S, as
a new agent in NCT, can be effective due to having no back-
ground dose in soft tissue from interaction of neutrons with
333'

It is notable that the use of accelerated-based neutron
sources may increase the application of NCT for cancer treat-
ment.
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