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Abstract: To perform boron neutron capture therapy (BNCT), a type of radiotherapy, a neutron source as

a treatment device and peripheral devices such as a treatment planning system (TPS), patient setting device,

and neutron monitor are needed. In particular, a TPS is indispensable software in radiotherapy and enables

the simulation of a treatment with neutron beam irradiation with a patient’s three-dimensional model based

on the patient’s medical images. In addition, the system supports the determination of suitable irradiation

conditions for each patient. The patient setting device works to realize the irradiation conditions determined

during treatment planning in the actual irradiation room just before irradiation.
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Introduction

Boron neutron capture therapy (BNCT) has been carried
out using several nuclear reactors worldwide owing to the
requirement of a high-intensity neutron beam. However,
this therapy has not yet become widespread, although its
effectiveness has been demonstrated, because a nuclear
reactor is difficult to handle for medical use and some
reactors have been shut down. However, given the recent
progress in accelerator and accelerator-driven-neutron
source technologies, it is possible to generate a sufficient
intensity of neutrons for BNCT treatment using compact
accelerators, which can be installed in hospitals. Hence,
it is expected that BNCT can be established as a general
treatment, which can be received at a hospital, in the
near future. Several development projects for compact
accelerator-based neutron sources for BNCT are being
undertaken around the world. In particular, in Japan, various
types of commercial devices are being produced, some of
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which have already succeeded in generating a sufficient
intensity of neutrons for BNCT treatment. Clinical trials
for malignant brain tumors and head and neck cancer
have been performed using the cyclotron-based BNCT
device produced by Sumitomo Heavy Industry Co. (1) in
order to obtain pharmaceutical approval for the device.
Therefore, it is expected that BNCT will be performed in
hospitals as advanced or insured medical care in the near
future. However, BNCT cannot be implemented simply by
producing and installing a neutron source. The treatment
as a type of radiation therapy requires several peripheral
devices and equipment such as a treatment planning
system (TPS), patient positioning device, neutron beam
monitor, and boron concentration measurement device. In
reactor-based BNC'T, these devices have been developed
with minimal functions, and actual clinical trials are being
performed by means of these devices. However, to establish
BNCT as a general cancer treatment, peripheral devices in
addition to the accelerator-based neutron source have to be
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improved and completed as medical devices.

TPS
Dose estimation in BNCT

In this section, clinical dose estimation in BNCT is
explained.

Dose components for BNCT

In clinical dose estimation in BNCT, several absorbed dose
components have to be computed. First, it is necessary to
evaluate the “boron dose” that gives a therapeutic effect.
The boron dose is an absorbed dose arising from the
reaction between neutrons and the boron-10 accumulated
in cells. The boron dose rate is determined by multiplying
the concentration of boron-10 in each tissue and the
thermal neutron flux at that point. Thus, to determine
the boron dose, the values of the boron-10 concentration
and thermal neutron flux at each point are both needed.
Regarding the value of the boron-10 concentration, the
assumed concentration values are entered for each tissue
and tumor region at the treatment planning stage, which
is implemented before actual irradiation (2). The actual
concentration in a patient during irradiation often differs
from the assumed value because it is difficult to accurately
predict the concentration in the irradiation due to inter-
individual variation in blood boron concentration profiles (3).
However, the difference of the distribution for boron-10
around the irradiation field affects the delivery of the
thermal neutrons in the field (4). Therefore, in the treatment
planning stage, the values for the assumed concentration
should be set to reasonable values for each tissue, based on
pharmacokinetic studies (5,6), histological findings (3,7),
and the results of past clinical studies. In the irradiation
with the actual patient, the concentration in a blood sample
obtained from a patient just before irradiation is measured
by using prompt gamma-ray analysis (PGA) (8) or an
inductively coupled plasma optical emission spectrometer
(ICP-OES) (9,10), and the assumed values are compensated.
Therefore, in the treatment planning stage, only the proper
computation for the neutron flux and energy spectrum at
each point is required.

Next, the “nonboron dose” has to be estimated. The
nonboron dose is the absorbed dose arising from the
reaction between neutrons and several atoms in the human
body such as hydrogen, nitrogen, oxygen, and carbon.
For dose estimation in BNCT, the “hydrogen dose” and
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“nitrogen dose” are important because both doses influence
the total dose given to the patient. Some absorbed doses
arising from reactions with the other atoms may be
negligible. Further, the nonboron dose also includes the
gamma-ray dose, which is composed of two components—
the primary gamma-ray dose from the neutron source of
the BNCT facility and the secondary gamma-ray dose
generated in the human body by reaction with neutrons
and hydrogen. Figure 1 shows the schema of the dose
components in BNCT dosimetry. In addition, the reactions
that are the basis of each absorbed dose are listed in Zible 1.

For dose estimation in BNCT, all of these dose
components need to be calculated. The absorbed dose D,
arising from the reactions between neutrons and each atom
is determined as follows:

D, =[[£,(E)¢(E.t)dEdt (1]

where fis the factor for the kinetic energy released in
matter (KERMA) for neutrons or the dose conversion
factor for photons and () is flux of neutrons or photons at
a point. The value of f changes depending on the energy of
the radiation.

Equivalent dose (ED) for BNCT
To estimate the total dose administered to a patient by

neutron irradiation during therapy, the ED has to be
determined. The ED for BNCT is given by

ED (Gy-Eq) = Cy-Dy i x CBEg + Dy x RBEy + Dy x
RBEy + D, 2]

The ED is calculated by multiplying the value of the
absorbed dose by the relative biological effectiveness (RBE)
defined for each absorbed dose and by adding them. In
Eq. [2], both RBEy and RBEy; are the RBEs defined for
the nitrogen and hydrogen absorbed doses, respectively,
and Cj is the boron-10 concentration (ppm) in each tissue.
The value of the compound relative biological effectiveness
(CBE) is different depending on the behavior of boron-10
compounds in each tissue. As an example of the reasons
for the change in the CBE value, the difference of the
cytotoxicity effect caused by the difference of the mean
distance between the boron-10 accumulating in the cell and
the cell nuclei affects the CBE value. The values for each
RBE and CBE have been determined by evaluations based
on in vive/in vitro studies prior to clinical studies (11,12).
The major RBE values applied in reactor-based BNCT
are summarized in Table 2. Further, Table 3 lists the typical
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Figure 1 Schema of the dose components for tumors and several tissues in BNCT dosimetry. BNCT, boron neutron capture therapy.

Table 1 Reactions for the major absorbed doses in BNCT

Dose components Major reaction

Boron dose, Dg °B(n,a)"Li
Hydrogen dose, D, 'H(n,n)p
Nitrogen dose, Dy "“N(n,p)"“C

Gamma dose, D, Primary gamma dose from the beam port

& Secondary gamma dose by 'H(n,y)’H

BNCT, boron neutron capture therapy.

CBE factors for tumors and several tissues for both BPA
(p-boronophenylalanine) and BSH (sodium borocaptate,
Na,'"’B,,H;,SH), as the boron-10 carriers applied to actual
treatment of BNCT.

The values for the RBE, CBE, and boron-10
concentration (Dy,,,.) are fixed. In treatment planning
work, the user inputs the proper values. Thus, the major
role of the TPS in treatment planning is to determine the
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Table 2 RBE values applied to reactor-based BNCT for the
absorbed doses

Absorbed dose RBE value
Hydrogen dose 2.5-3.2
Nitrogen dose 2.5-3.2
Gamma dose 1.0

RBE, relative biological effectiveness; BNCT, boron neutron
capture therapy.

distribution of each absorbed dose around the target region.
From Eq. [1], the KERMA factor for neutrons and the dose
conversion factor for photons employ the known values for
the elements, though they change depending on the energy
for both radiations. Figure 2 shows the KERMA factors
for three absorbed doses. The values in the figure were
extracted from the data stored in JENDL 4.0 (13) as an
evaluated nuclear data. Therefore, the most important role
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Table 3 The typical CBE values for tumors and several tissues for
the BPA

B-10 carriers Brain Skin Mucosa Tumor
BPA 1.35 2.5 4.9 3.8
BSH 0.37 0.8 0.3 2.5

CBE, compound relative biological effectiveness; BPA,
p-boronophenylalanine; BSH, sodium borocaptate.
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Figure 2 KERMA factors for the major absorbed doses in BNCT
dosimetry. BNCT, boron neutron capture therapy.

of the TPS for BNCT is to compute the distribution of the
flux of neutrons and that of photons for each energy in the
estimation region precisely.

Dose calculation method

In computational dosimetry in BNCT, a Monte Carlo
method—a probabilistic method—is usually used because
the behavior of neutrons is complex and diverse, though
the dose calculation for conventional radiotherapy such as
X-ray therapy employs a deterministic method. Thus, for
the TPS for BNCT, a Monte Carlo transport code is also
applied to the dose calculation engine in the TPS. Most
TPSs combine an external Monte Carlo code that has been
developed at research institutes and is related to the nuclear
field. The general-purpose Monte Carlo radiation transport
code MCNP (14) has been widely applied to the dose
calculation engines of some TPSs described below. This
code was developed at Los Alamos National Laboratory in
the USA, and it has been thoroughly validated in the nuclear
field. Recently, some new TPSs have been developed in
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Japan, where several accelerator-based treatment devices are
being developed. For these TPSs, the Particle and Heavy
Ion Transport code System (PHITS) (15) as a multimodal
Monte Carlo code developed by the Japan Atomic Energy
Agency in Japan, is beginning to be employed. On the
other hand, the “Simulation Environment for Radiotherapy
Application” (SERA) (16), which is used in some BNCT
facilities, combines a special Monte Carlo calculation
engine.

To perform particle transport calculations with a Monte
Carlo code, nuclear cross-section data that defines the
radiation behavior is needed. For the particle transport
calculation in the TPS, two types of representations of
nuclear cross-section data are used: point-wise continuous
energy cross sections and multi-group cross sections.
The former cross-section data realize a high-fidelity
representation of the evaluated nuclear data through the
linear interpolation between a large number of specified
points. In the particle transport calculation with the above
external Monte Carlo codes, ENDF/B-VII (17) and
JENDL 4.0 are applied as typical evaluated nuclear data
for the continuous energy cross sections. In contrast to the
continuous energy cross-section data, multi-group cross-
section data by means of a single discrete value for the cross
section over a range of particle energies achieve a more
compact and computationally efficient representation,
though the data are less precise. SERA employs multi-group
cross-section data owing to advantages in calculation speed.

Workflow of the treatment planning for BNCT using a TPS

In the procedure for radiation therapy, it is necessary to
implement treatment planning. Medical doctors decide
the irradiation conditions for the patient during treatment
planning prior to irradiation. The actual irradiation of a
patient is implemented in accordance with the irradiation
conditions. Thus, it is important to determine suitable
irradiation conditions. The TPS is responsible for the
treatment planning; therefore, it is one of the most
important devices in radiation therapy as well as the
treatment device (radiation source device). In BNCT
requiring neutron irradiation, the TPS is an indispensable
item.

The TPS is software that can simulate the irradiation of a
patient. In case of the TPS for BNCT, the system simulates
the irradiation of a patient with a neutron beam, and the
dose distribution around the target region is determined.
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The treatment planning procedure using a TPS is as

follows.

@

I

(1)

V)

(VD)

(VID)

(VIID)

First, the patient’s medical images obtained by
computed tomography (CT) and/or magnetic
resonance imaging (MRI) are loaded into a TPS.
The contours for some regions of interest (ROIs)
for organs at risk and the gross tumor volume
(GTV) or clinical target volume (CTV) as the
target region are defined on each slide of the
medical images.

A patient’s three-dimensional (3D) model
including the ROISs and target region is created by
piling up medical images.

The irradiation conditions including the beam
incidence point, beam direction, irradiation field,
energy spectrum, and intensity of the beam are set
with the patient’s 3D model.

The 3D model is converted into a voxel-based
calculation model (voxel model) in order to carry
out particle transport effectively.

The distributions of both neutron and photons
in the 3D model are computed by a particle
transport calculation. For the calculation of the
radiation distributions in BNCT dosimetry, a
Monte Carlo transport algorithm is generally
applied as a probabilistic method.

The distributions of several absorbed doses, such
as the boron dose, nitrogen dose, and hydrogen
dose arising from the calculated radiation are
determined. Several absorbed doses due to the
reactions between neutrons and some atoms such
as such as boron, nitrogen, and hydrogen are
determined by multiplying the neutron flux and
KERMA factor for each atom. For the gamma-ray
dose, the dose is determined by multiplying the
calculated photon flux and the dose conversion
factor for a photon.

The distributions of the radiation and several
doses in the model are displayed by superimposing
them on the original medical images. The
minimum, maximum, and average values for the
ROIs and target region are calculated. The dose-
volume histogram (DVH) for each ROI is also
determined.

Different beam directions/orientations are tested
to determine the optimal treatment plan. Further,
by comparing the results, suitable irradiation
conditions are finally determined.
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Figure 3 shows the flow of the treatment planning for
BNCT using a TPS.
The workflow of the TPS for BNCT is similar to

other TPSs for conventional radiotherapies such as X-ray

therapy and particle radiotherapy. However, the major
differences between the TPSs for BNCT and the TPSs for
conventional radiotherapies are as follows:

@

n

(11D

The particle transport calculation for both
neutrons and photons is generally carried out by
using a Monte Carlo method. In recent years,
the Monte Carlo method for dose calculation has
also been applied to the TPSs for conventional
radiotherapies such as X-ray therapy and proton
radiotherapy, in order to obtain dose calculation
results more accurately. However, the Monte
Carlo method in the TPSs of conventional
radiotherapy has been specialized to track the
individual particle paths scattered in materials, and
simplified to be able to perform dose estimation
with a reasonably short time, applicable to routine
treatment planning work. Hence, this method
is called the “Simplified Monte Carlo method”
(18,19). On the other hand, for the TPSs of
BNCT, normal Monte Carlo based the dose
calculation method has been generally employed,
because the behavior of neutrons is diverse and
complicated, and the dose caused by secondary
radiation must also be considered. The normal
Monte Carlo method is also called the “Full
Monte Carlo method” in contradistinction to the
Simplified Monte Carlo method. “Monte Carlo
method” in this report implies the “Full Monte
Carlo method”.

The time required for the particle transport
calculation may be longer for TPSs for BNCT
than that for TPSs for conventional radiotherapies
owing to the requirement of the Monte Carlo
calculation.

The dose arising from the reactions between
neutrons and the boron compound accumulated
in cells has to be estimated. The concentration of
boron-10 in each organ and tissue is different, and
its biological effect is also different for each tissue.

The current TPSs for BNCT are only forward planning
systems. Therefore, in treatment planning, multiple

calculations under various irradiation conditions have to

be implemented. Doctors choose the most valid irradiation

conditions among these multiple calculation conditions, and

tro.amegroups.com

Ther Radiol Oncol 2018;2:50



Page 6 of 11

Therapeutic Radiology and Oncology, 2018

TPS for BNCT
S
1]
e
]
“a [}
Patient’s 3 g
3D model § o b gistrib
= ose distributions
©
MRI data 58 L )
Q@
2%
Medical S £ (-
images ° < :
o'z . Tumor
€ it
I T
N EN |
Dose volume
L L histogram )
| |
[ Determination of the adequate irradiation condition ]

Figure 3 Flow of the treatment planning in BNCT using a TPS. BNCT, boron neutron capture therapy; TPS, treatment planning system.

they are applied to the actual treatment. Though the basic
principles of an inverse planning system for BNCT have
been proposed, it has not yet been put to practical use.

To implement the series of treatment planning steps
described above, the main essential functions required for a
TPS for BNCT are as follows:

@ A loading function for the CT and MRI medical

images. The format of the images is generally the
DICOM format;

(II)  Contouring of the target regions and ROIs from
each medical image;

(IIT) Construction of a 3D model of a patient from the
medical images including the definitions of the
target volumes and ROIs;

(IV)  Selection of the neutron beam conditions with the
patient’s 3D model;

(V)  Conversion from the 3D model to a calculation
model. In the current system, a voxel model is
employed in the calculation;

(VI) A radiation transport calculation with the model.
In BNCT dosimetry, transport calculations for
neutrons and photons are required, and the
particle transport for neutrons and photons is
generally determined by a Monte Carlo method.

© Therapeutic Radiology and Oncology. All rights reserved.

For the application of an external general-purpose
Monte Carlo code to the particle transport
calculation, an interface function with the code is
necessary. The format for the input data for the
voxel calculation model must match the format of
the code;

(VII) Interpolation of the calculation results with the
voxel model to each pixel of the original medical
images;

(VIII) Analysis of the interpolated calculation results for
the dose and visualization of the results, such as
a DVH and the two-dimensional distributions in
CT images.

TPS for reactor-based BNCT

To carry out a clinical study using reactor-based BNCT
facilities around the world, some TPSs for BNCT have
been developed. Table 4 lists the major TPSs that have been
used in actual clinical trials of reactor-based BNCT. In
the table, new TPSs that are being developed in Japan for
accelerator-based BNCT devices are also listed.

These TPSs are noncommercial and have been
developed as support tools for BNCT by small teams with
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Table 4 List of major treatment planning systems for BNCT

Page 7 of 11

TPS Developers Transport code Facility

NCTPlan Harvard-MIT-CNEA MCNP MITR (MIT), RA6 (CNEA)
SERA INEEL/MSU seraMC (dedicated) KUR (KURRI), FiR-1 (VTT), etc.
JCDS JAEA MCNP/PHITS JRR-4 (JAEA)
THORplan Tsing Hua Univ. MCNP THOR (Tsing Hua Univ.)
SACRA Planning Sumitomo Heavy Industry Co. PHITS For accelerator-based device
Tsukuba-Plan Univ. of Tsukuba PHITS For accelerator-based device

BNCT, boron neutron capture therapy; TPS, treatment planning system.

expertise in nuclear engineering at some research institutes
and universities related to BNCT. The first generation
of TPSs was developed in the USA in the 1980s to the
1990s. During this time, some BNCT facilities capable of
generating an epithermal neutron beam were constructed.
The realization of irradiation with an epithermal neutron
beam has enabled the irradiation of a deeper target. In past
BNCT with a thermal neutron beam, the dose administered
by the irradiation field was estimated by measurement using
detectors such as gold foils placed within the irradiation
field of the patient (20). However, in BNCT using an
epithermal neutron beam, it is impossible to measure
the dose directly at a deeper region in the body because
detectors cannot be placed in the body. Hence, a TPS
capable of estimating the dose at all places in the irradiation
field, including in the body, have become necessary.

As listed in Table 4, four TPSs have been developed for
reactor-based BNCT and put into practical use. First, the
Massachusetts Institute of Technology (MIT) developed
“NCTPlan” (21) in the 1990s. The system was developed by
Harvard and an MIT group. For the Monte Carlo transport
calculation, the system employed MCNP (9). In the particle
transport calculation, NCTPlan creates a voxel calculation
model consisting of 1x1x1 cm’ voxel cells from a 3D model
constructed with a patient’s CT images. NCTPlan has been
applied to treatment planning work in the BNCT clinical
trials performed at MITR. The BNCT group at CNEA in
Argentina has also employed NCTPlan for clinical studies
for BNCT at the RAG6 reactor in CNEA (22).

SERA (16) was developed by a collaboration between
INEEL and Montana State University in 1999. SERA
has been employed at many BNCT facilities such as the
Kyoto University Research Reactor Institute (KURRI) (23),
Helsinki University Hospital in Finland (24), and Studsvik
in Sweden (25). SERA is still utilized in clinical trials that
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are being performed at KURRI. Thus, the system has a
track record of treatment planning for hundreds of clinical
cases. The voxel cell size for the calculation model of SERA
is selectable to any size, which is independent from the
minute resolution of the original patient model formed
based on CT images. Thus, users can set an appropriate size
with various conditions for dose estimation, though the size
of 1x1x1 cm’, which is the same as that of NCTPlan, has
most commonly been applied to clinical use.

In Japan, the JAEA Computational Dosimetry System
(JCDS) (26) was developed by the Japan Atomic Energy
Agency (JAEA) in order to realize clinical trials of BNCT
by means of a medical facility installed at research reactor
No. 4 JRR-4). A clinical trial involving treatment planning
with the JCDS at JRR-4 began in 2001 (27), and it was
used for the treatment planning of approximately 100 cases
that were implemented until the reactor was shut down in
2011. The first version of the JCDS employed MCNP as
the Monte Carlo dose calculation engine. The voxel size
can be chosen from several sizes for 2x2x2 mm’ (8 mm’),
5x5x5 mm’ (125 mm’), and Ix1x1 cm’ (1 em®) voxel cells.
In clinical use, the calculation model consisting of the
8 mm’ voxel cells had been usually used due to obtain more
accurate dose calculation results (28). Thus, the calculation
accuracy with the JCDS was expected to be better than
those of other systems. However, there was a possibility
that the calculation time would be longer than those of
other systems. After that, the JCDS was improved to
perform the particle transport calculation with the PHITS
code in addition to MCNP in the mid-2000s. During this
improvement, the second version of the JCDS was able
to perform a calculation with a very precise voxel model
consisting of pixel-based voxel cells.

THORplan (29) was developed by the BNCT research

group at National Tsing Hua University in Taiwan in order
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to perform clinical trials at the THOR reactor installed
at the university. The system also applies MCNP as the
Monte Carlo dose calculation engine. Further, the voxel cell
size of the calculation model in the system is 5x5x5 mm’
(125 mm”). Clinical trials with THORplan for recurrent
head-and-neck cancer at the THOR reactor have been
performed since 2010.

The conventional TPSs described above were developed
as research tools for reactor-based BNCT at that time.
Moreover, the systems have basic and minimum functions
that can perform treatment planning for BNCT. However,
in Japan, the laws related to pharmaceuticals and medical
devices were revised in 2014, and the regulations for TPS
have also changed. In the new pharmaceutical affairs law,
every system used in radiation therapy that is carried out
with advanced medical care or health insurance has to
obtain pharmaceutical approval. In Japan, many accelerator-
based BNCT treatment devices are already being developed
and are expected to apply for pharmaceutical approval.
Thus, it is expected that BNCT will be carried out with
advanced medical care or health insurance in the near
future. Therefore, it is necessary to produce new TPSs
that can respond to accelerator-based BNCT and obtain
pharmaceutical approval. Given this background, the
University of Tsukuba is developing a new multimodal
Monte-Carlo-based TPS (development code: Tsukuba-
Plan) (30) based on the fundamental technologies of the
JCDS. The Tsukuba-Plan has employed PHITS as a
Monte Carlo transport code, whose application enables the
determination of several doses arising from reactions with
neutrons and photons as well as protons and heavy ions.
Thus, the Tsukuba-Plan allows computational dosimetry for
BNCT, particle radiotherapy, and X-ray therapy. At present,
the verification for the dose estimation of the system is
being performed.

In addition, Sumitomo Heavy Industries, Ltd. is
developing a new TPS named “SACRA Planning” (31)
that is applicable to a cyclotron-based BNCT device
manufactured by the company. The Monte Carlo transport
code of the SACRA Planning has also applied PHITS. The
user interface of the SACRA Planning is being developed
in collaboration with RaySearch Laboratories (RaySearch),
which is one of the most famous manufacturers of TPSs for
X-ray therapy. Neutron Therapeutics, Inc. (NTI), a venture
company for accelerator-based BNCT treatment devices,
is also developing a new TPS for BNCT, in collaboration
with RaySearch. The venture company of CICS, Inc. is also
developing original TPSs in order to realize treatments

© Therapeutic Radiology and Oncology. All rights reserved.
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with their devices.

Patient’s positioning and monitoring

In modern external radiation therapies, the setup
precision, inter-treatment position reproducibility, and
intra-treatment position maintenance of the patient are
important factors affecting the treatment effect. In order to
implement radiation therapies based on the dose evaluation
of a TPS, it is necessary to perform dose evaluation with the
highly accurate calculations of the TPS and to reproduce
the body position of the patient as much as possible with
a preliminarily acquired CT image. Furthermore, it is
necessary to maintain the same body posture during beam
irradiation. In radiation therapies excluding BNCT, the
patient lies straight on the treatment bed—the same as
that during CT imaging. That is, irradiation from any
angle is possible with a rotational gantry, and the burden
on the patient is limited. However, in the current status of
BNCT, the neutron beam has been limited to irradiation
from a fixed irradiation port. Therefore, it is necessary
to perform the setup process while changing the patient’s
body axis and posture with respect to the neutron beam.
Moreover, in the case of BNCT, a setup with the affected
part close to the beam port is necessary in order to shorten
the irradiation time as much as possible. Further, from the
point of view of avoiding radiation exposure to the outside
of the irradiation target region of the patient since neutrons
emitted from the beam port diverge widely, it is necessary
to immobilize the patient as close as possible to the beam
port. Since the surroundings of the beam port include a
shielding wall to prevent the leakage of radiation such as
neutrons and photons upstream from the beam, there is a
possibility that the patient’s body and wall will contact each
other depending on the patient’s posture. These difficulties
are exclusive to the setup of a BNCT treatment compared
to other radiotherapies.

Patient positioning for BNCT treatment

Patient positioning is an indispensable process to realize an
individual-optimized dose distribution for the patient that is
pre-evaluated by a TPS. Several papers have been published
regarding patient setup techniques for BNCT.

Wielopolski et al. reported a patient positioning and
immobilization technique with a detailed procedure for
the BNCT of glioblastoma multiforme at the Brookhaven
Medical Research Reactor (32). The features of their
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method are summarized as follows:

% Using a mockup room for simulating patient
treatment positioning, immobilization, and placing
the markings for the final BNCT treatment
positioning;

% Using a portable stereotactic frame for providing
critical reference points for determining the entry
point of the central beam axis of the irradiation beam
and the patient positioning coordinates calculated
relative to these points;

% Using patient support devices such as a table and chair
for assuring comfort during a BNCT treatment.

Palmer er al. introduced a detailed procedure of patient
positioning for BNCT treatment at Harvard-MIT (33),
which is summarized as follows:

% Using Vac-Lok cushions and a safety belt;

% Immobilizing the head with Aquaplast thermoplastic

mesh;

% Using an individualized template made from foam-
core poster board material to establish the correct
alignment of the patient positioning relative to the
beam axis;

Kumada er a4/. reported a patient setting procedure for
BNCT treatments at the Japan Atomic Energy Agency
(JAEA) (26,34) with the following characteristics:

% Using a patient setting simulator system equipped

with a multidirectional laser pointing system;

% Using a TPS to supply the 3D position data of the
patient’s head surface;

% Using a 3D digitizer to perform measurements in
the irradiation room in order to confirm that the
actual head position is fixed at ideal coordinates.

Kiger ez al. reported a positioning technique using a 3D
digitizer to determine the correct beam entry point for
the head of the patient (35). They concluded that for the
method that determines the beam entry point by combining
a reference point marked on a patient with a 3D digitizer,
patient positioning provides a significant improvement
compared with a conventional method.

Auterinen er 4l. introduced patient positioning using
another approach at the FiR-1 BNCT facility (36). That
is, shoulder recesses were constructed around the beam
aperture in order to make patient positioning near the
irradiation port easier. They also evaluated the exposure
doses to the body in the presence or absence of the shoulder
recesses. They concluded that the increase in the exposure
dose to the body calculated by the Monte Carlo code due to
the shoulder recesses was acceptable.

© Therapeutic Radiology and Oncology. All rights reserved.
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Monitoring of patient movement during treatment

Almost all of a BNCT treatment has been treated in a single
fraction. Therefore, the irradiation time per fraction is
naturally longer than that of other radiotherapy modalities.
Displacement of the patient may occur during beam
irradiation during a BNCT treatment. There are several
papers reporting the effects of the displacement of the
patient’s position on the dose during BNCT.

Wielopolski et al. reported assessment results of the
sensitivity to the displacement of the patient’s position
regarding the doses for BNCT treatment (32). They
simulated displacements in the patient’s position in the
lateral direction of 0.5, 1.0, and 2.0 cm and evaluated the
case where the distance between the head between the face
of the beam collimator occurred similarly. Their simulation
results showed large dose variations for a displacement in a
direction away from the port compared to a displacement in
the lateral direction.

Takada er a/. simulated the effect of the displacement
of the patient’s position of less than 1 cm on the dose
using the JRR-4 neutron beam (37). Their assumed
displacement of the patient’s position was set to 1.5-9.0 mm
laterally and 1.0-9.0 mm in the beam axis direction (air
gap). Displacements of the patient’s position of several
millimeters can be assumed in the cases where position
fixation is insufficient or the irradiation time is long.
According to their simulation results, a dose deviation of
about 2% was observed when the displacement in the lateral
direction was 9 mm. On the other hand, in their simulation
for the direction away from the beam port, a dose deviation
of about 10% was observed for 9 mm.

In general, when a displacement of the patient’s position
occurs, the influence on dose is critical for well-collimated
beams. The neutron beams used for BNCT are not well-
collimated as much as those for conventional radiotherapy
such as X-ray therapy. Moreover, the radiated epithermal
neutrons rapidly decelerate in the patient’s body and
spread all directions as thermal neutrons. Therefore,
neutrons are widely irradiated around the irradiation site.
Nevertheless, from these two results, it can be considered
that displacements of the patient’s position in a direction
away from the beam port affect the dose of BNCT.

It is assumed that the influence of the displacement of
the patient’s position on the dose also changes depending
on the beam divergence of BNCT beam and the irradiation
site. Ideally, the displacements of the patient’s position
during a BNCT treatment should be monitored in real-
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time and immediately reflected in the dose distribution
calculation. Although there are several difficulties associated
with realizing this, it is considered to be an important
process to achieve higher accuracy irradiation during a
BNCT treatment.
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