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Abstract. Boron Neutron Capture Therapy (BNCT) application methods and models are
being studied worldwide with increasingly rates of success; however, aside from boron
delivery issues and tumor treatment, sources of neutrons are also a major problem.
While linear accelerators are readily available for classic radiotherapy, neutron sources
for BNCT are usually represented by nuclear reactors, some of which are specifically
designed for this purpose. However, these reactors might not be available or easily
accessible in every country. The increased prevalence of cancer patients requiring
radiation therapy often results in delaying radiotherapy up to two months, overuse of
available LINACs (Linear accelerators) and extended periods of inpatient care.
Currently used LINACs are capable of delivering thermal neutrons needed for BNCT.
Implementing classic radiotherapy equipment into modern methods of tumor treating
would not only hasten the advancement of such therapies, but it would also reduce the
costs and ensure a greater number of patients being treated.

This article reviews the recent studies and techniques currently being implemented in
an effort to emphasize the need and success of BNCT implemented through electron
accelerators.
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1. INTRODUCTION

Boron Neutron Capture Therapy (BNCT) was first described in 1936 by
Gordon J. Locher. Since then, numerous studies regarding boron delivery agents,
epithermal neutron sources, efficiency against various tumor types have proven this
method of radiation therapy to be not only safe, but also tissue-sparing, precise and
able to destroy previously undetected cancerous cells. However, clinical studies
and BNCT as a treatment option have been sparingly implemented and research as
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well as therapy is limited to certain regions of the world. This is because of
development of other types of radiation therapy, insufficiently developed boron
delivery agents and the necessity of increased funding and effort in obtaining a
neutron source near or within hospitals [21].

This paper reviews recent developments in BNCT, including boron delivery
agents and studies regarding linear accelerators as neutron sources, in order to
emphasize the efficiency and ease of implementation of BNCT through the use of
an electron accelerator.

1.1. BNCT BASIS

The BNCT represents a rather specific type radiotherapy, since it uses
internal radiation for destroying cancerous cells, rather than using an external beam
directly for this purpose. The BNCT process consists of two steps: first, a boron
("*B) delivery agent is administered intravenously to the patient; secondly, an
external source applies a bath of epithermal neutrons which irradiates the tumor.

"B + ny, — [''B] — *He + 'Li. (1)

As a result of nuclear decay, alpha radiation is obtained along with "Li — both
reaction products work towards destroying the cancer cells; however, their
maximum effective range inside tissue are 9 and 5 pm.

This can be both a positive and negative characteristic of BNCT: alpha
radiation and LiOH (a very strong base, resulted from 'Li in presence of H,O:;
highly toxic to cancerous cells, but rapidly diluted in an aqueous environment) will
be limited to affected tissue which has taken up '°B, thus sparing healthy tissue.
This emphasises the need of a ,perfect” boron delivery agent — high tumoral
uptake, low/zero healthy tissue uptake.

The downside of such a short range of action is that '°B must be present in all
tumoral cells, and within those cells it must be sufficiently close to the
radiosensitive structures of the nucleus; otherwise, tumoral control will not be
achieved properly.

1.2. TYPES OF TUMOR TREATABLE WITH BNCT

BNCT is mainly indicated in cerebral metastasis and other types of head and
neck cancer, such as glioblastoma multiform, mucoepidermoid carcinoma,
melanomas, primary and recurrent thyroid cancers and theoretically any type of
tumor where treatment must preserve as much healthy tissue as possible.

The main two factors in deciding whether BNCT is useful or not are
possibility of delivering epithermal neutrons and the uptake of boronated drugs
inside cancerous cells (again, must be higher than surrounding healthy tissue) [28].
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Glioblastoma multiforme (GBM). The glioblastoma is the most common type
of cerebral neoplasm (approximately 50-60% of diagnosed glial tumors and 10-
15% of total cerebral tumors), with various localizations, invasion degrees and
different responsivity to treatment.

Primary glioblastoma multiform is the most frequent type of GBM, with a
greater incidence over the age of 50.

Secondary GBM is usually found in young adults (< 45yrs) and is derived
from lesions with a lower degree of malignity than primary GBM; however,
evolution towards high malignity status can vary from 1 year up to 10 years, with a
mean period of 4-5 years [1].

BNCT benefit in GBM treatment. Glioblastoma multiform, from an
anatomopathological point of view, has a number of indications towards BNCT.
By nature, it is a highly aggressive type of tumor, with poorly defined limits and
possibility of multifocal development, thus requiring fast and efficient treatment.

It is also possible to include central necrosis, occupying up to 80% of the
tumoral volume. In this case, radiotherapy must avoid generating further necrosis,
which means irradiation dose is limited; BNCT could prove to be more efficient,
provided that boronated drugs have a much higher uptake in cancerous cells and
that side effects, such as gamma irradiation and fast neutron contamination are kept
to a minimum,.

In certain cases, applying intermediate-energy neutrons in combination with a
highly effective boron delivery agent could replace surgery in GBM. Up to 40% of
patients who have undergone surgery have neurological deficiencies and 30% do
not show signs of neurological improvement [16, 23, 25].

Mucoepidermoid carcinoma (MEC). Mucoepidermoid carcinoma, the most
common salivary gland tumor, contains three types of cellular elements: squamous
cells, mucosecretant cells and intermediate cells. Malignancy is determined based
on the varying proportions of these cells; low grade MEC present well
differentiated cells, with a higher proportion of mucus secreting cells; high grade
MEC present poorly differentiated cells and a higher proportion of squamous cells.

Mucoepidermoid carcinomas usually have a slow, painless and undetected
development, followed by aggressive and noticeable evolution period, during
which the patient usually seeks medical advice, accusing pain, dizziness, even
swelling or lumps in the oral cavity and in some cases exoftalmia.

Degree of invasion is also taken into consideration when applying treatment,
as MEC tend to invade all structures of the viscerocranium, with major osteolisis.
In such cases, treatment may prove difficult; irradiation fields must spare as much
of the brain as possible, while delivering sufficient doses to stop tumoral
development and kill cancerous cells.
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BNCT proved to be efficient in treating mucoepidermoid carcinomas, with
rates of success growing. Mucoepidermoid carcinomas can be irradiated more
efficiently with this type of radiotherapy; in addition, since MEC are not
encapsulated and do not spread uniformly, usually causing severe osteolysis,
undetected tumoral mass can be efficiently treated.

There has been a large number of reported cases with either mucoepidermoid
carcinoma, MEC variants or other similar types of head and neck cancer which
have responded better to BNCT than regular treatment. Some cases of mandibular
carcinomas and thyroid tumors have been treated with BNCT and avoided surgery
(thus avoiding surgical removal of a large part of the lower mandible and
improving the quality of life) [6, 9, 17, 19, 20, 21, 26, 36].

1.3. BORON DELIVERY AGENTS (BDA)

Due to its nature, boron neutron capture therapy provides alpha particles
(*He) and recoiling lithium nuclei ("Li) as a result of nuclear capture, fission and
boron decay. The effective radiation has a very short penetration range, which
implies that a sufficient amount of boron must be present within every cancerous
cell in order for BNCT to be successful (approximately 10° boron atoms per cancer
cell).

Boron chemical compounds must meet certain requirements in order to be a
successful delivery agent for BNCT:

a) High tumoral uptake, normal to low healthy tissue uptake

b) Low systemic toxicity

¢) High tumor: brain or tumor: blood concentration ratios (approximately 20

pg of boron per gram of tumor, or 10° '°B atoms per cell)

d) Fast and eventually complete clearance (blood, healthy tissue) with

persistence in cancerous cells for the duration of the BNCT session.

Various boron delivery agents are being researched, however only two are
currently being used in BNCT: BPA, or boronophenylalanine, and BSH, or sodium
borocaptate. Depending on tumor type, degree of malignity, invasion and other
characteristics, these boron delivery agents may be used separately or together, in
different proportions. It has been noted that using both types of agents has proven
to be more efficient in most aggressive types of tumors.

Delivering methods. In order for '°B to be efficiently delivered inside tumoral
cells, a few factors have to be taken into consideration: the ability to traverse the
hematoencephalic barrier, tumoral blood supply, plasma concentration and the
agent’s lipophilicity. In addition, delivering methods greatly influence the uptake.

Usually, boron delivery agents are injected intravenously, slowly, over 1-2
hours. Administering the drug intra-arterially or even through intra-cardiac
injections has proven more efficient; when delivered via IA injection, a
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hyperosmotic mannitol solution is used in order to bypass the hematoencephalic
barrier; animal studies show a 117-295% increase of mean survival times,
especially when both BPA and BSH are delivered by intra-cardiac injection [11,
29, 34, 37].

1.4. RECENT DEVELOPMENTS OF BDA

Although numerous delivery agents are constantly being researched, BPA
and BSH are being most commonly used, and most agents do not sufficiently meet
the requirements to be used in BNCT; there is ongoing research towards finding a
,perfect” boron delivery agent [27].

Boron Nitride NanoTubes. Recently, there has been increased interest in
developing a drug that could deliver a large amount of boron atoms in the form of
boron nitride nanotubes. Due to their structure and nature, BNNTSs deliver a higher
concentration of boron; delivery methods include attaching the BNNTSs to
antibodies (immunoglobulin G —IgG) and attaching radioactive isotopes to carbon
nanotubes (CNT) and then attaching the resulted radioactive CNT to another
species of IgG.

Overall, boron nitride nanotubes show promising delivery efficiency and
improvement of BNCT results in any type of tumor [3, 12, 14, 22, 23, 39].

2. DELIVERING EPITHERMAL NEUTRONS

Beside boron delivery agents, the other main problem in BNCT is obtaining
and perfecting a neutron source.

Nuclear reactors are usually used in BNCT, with good epithermal neutrons
delivery and already calculated and simulated neutron fields. However, certain
aspects of nuclear reactors are to be considered in conjuncture with BNCT and the
general status of patients needing treatment. First and foremost, the nuclear reactor
must be installed near (or within) a clinic / hospital, or vice versa; this raises further
issues, such as building the necessary facility within hospitals situated in an urban
setting; permissions from the governing nuclear activity control agency, as well as
providing trained and licensed personnel. On the other hand, building a clinic near
an already existing nuclear reactor used for research may prove equally difficult, as
such locations are often under military control and off-limits to general population,
thus including patients and their families or relatives. In addition, any nuclear
reactor must be specially adapted for BNCT use, which includes further licensing
and permissions. Further details of nuclear reactor use (such as technique, neutron
types — high energy fission neutrons versus direct use of core neutrons) will not be
discussed here.
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Cyclotrons are also used in BNCT, mostly in Japan and USA. While these
types of facilities are more easily accessed and implemented, and recent
development have greatly reduced cyclotron size and increased the accelerator’s
efficiency, the costs of implementation such an accelerator may yet prove
prohibiting, especially for developing countries. In addition, in order for a
cyclotron to be introduced in any hospital, BNCT alone is insufficient as a
requirement for such an upgrade.

Recently (2012), efforts were made toward building a BNCT facility in Japan
by using an 8MeV, 10 mA, 80kW accelerator based on the radio frequency
quadruple accelerator; the target material consists of a 0.5mm beryllium piece
attached to a heat sink disk of 150mm in diameter. First beam acceleration is
scheduled for March 2013, and clinical studies are to begin in March 2014 [2, 15].

3. USING ELECTRON ACCELERATORS FOR BNCT

Neutron sources that can be used for boron neutron capture therapy are not
limited to nuclear reactors, cyclotrons or newly developed accelerators. It has been
proved that epithermal neutrons are already produced with linear (electron)
accelerators and the neutron field can be calculated and adapted for actual use with
BNCT.

The main benefit of implementing BNCT on electron accelerators is that the
neutron source is already available in most radiotherapy clinics and therefore
necessary funding is substantially lower than if other sources are considered. The
only requirement is that such a LINAC (Linear accelerators) must be able to
produce a beam of at least 15MeV, and most already installed LINACS have this
capability.

3.1. ADAPTING LINACS FOR BNCT

Linear accelerators currently used within hospitals and clinics already have
sufficient radioprotection, since neutron contamination and other types of radiation
have been taken into consideration, especially when such LINACs are capable of
more than electron therapy with classic irradiation fields (modern accelerators also
have a photon operation mode) — they have to be decommissioned for use with
BNCT, however (after which classic radiotherapy can still be applied).

Although the shielding design used in electron and photon therapy is also
effective and sufficient, in some cases adaptation is required. However, such
modifications are simple, have reduced costs and do not alter the main purpose or
capabilities of the accelerator.
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3.2. LIMITATIONS

Due to the nature of interaction of neutrons (thermal, epithermal, fast
neutrons) — dominated by scattering — the required epithermal neutrons cannot be
delivered in a beam-like manner. As a result, the irradiation field consists of a bath
of neutrons, rather than a direct beam; a subtherapeutic dose is administered —
sufficient for boron atom degradation; the cumulative dose (neutrons and radiation
resulted from boron decay) achieves therapeutical efficiency [18].

Although mean energy of photoneutrons and its decrease (as distance to
isocenter increases) are common to all types of electron accelerators, epithermal
neutrons have different strengths at isocenter and different penetration distances
different for each manufacturer of linear accelerator. Thus, Monte Carlo
simulations are required, as well as neutron field calculations. These are already
available, as most linear electron accelerators have been considered for BNCT, and
in some cases not only calculated and studied, but also applied in clinical trials [4,
5,8,17,24,31, 32, 33, 35, 38].

Target materials. Depending on the mentioned calculation, certain issues
may arise. For example, in some cases it has been observed that the maximum SSD
(Source-Skin Distance) for efficient delivery of epithermal neutrons is 25cm. In
this case, shielding may prove difficult when considering currently used target
material (wolfram mostly) and cooling required.

Recent studies have shown that the most efficient target material is either
lithium or beryllium; considering that BNCT sessions may last from 20 to 90
minutes (unlike classic radiotherapy — 5 to 15 minutes), lithium may prove difficult
to handle, with a low melting point and heat dissipation issues (poor thermal
conductivity), which means high risk of target failure. Liquid lithium targets are
being considered and developed, however, it seems that beryllium and carbon
targets are more efficient, with high melting points and superior thermal
conductivity. Average neutron energy is higher with Be or C targets, thus other
moderators are required and resulting in fewer neutrons being delivered to the
tumor [7, 10, 13, 30].

4. CONCLUSIONS

Boron neutron capture therapy has proven to be more efficient than classic
radiotherapy in various cancer types, especially in aggressive forms or inoperable
brain tumors (either primary or metastasis).

Although single sessions of BNCT can last longer than regular electron
radiotherapy, the overall duration of such treatment is shortened and accelerated,
thus being able to treat advanced, aggressive and invasive tumors, even undetected
localizations. Moreover, BNCT is known to be tissue sparing; in some cases it can
even replace surgery.
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Boron delivery agents have been developed and enhanced recently, and are
constantly improved; boron nitride nanotubes show a promising future, with
capabilities of delivering enough '°B atoms and having a higher tumoral uptake.

Neutron sources, however, are limited and in some cases unavailable.
Necessary funding for new sources within close proximity to treatment centers may
prove to be an impediment; however, most radiotherapy clinics are already
equipped with electron accelerators capable of delivering needed epithermal
neutrons.

Implementing BNCT through the use of an electron accelerator can prove to
be not only cost effective (reduced funding with similar results as other neutron
sources), but can also be done in a much shorter time period; licensing and trained
personnel is already available as well.
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