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Purpose: Encouraging Boron Neutron Capture Therapy (BNCT) clinical results obtained in recent years
have stimulated intense research to develop accelerator-based neutron sources to be installed in clinical
facilities. In this work an assessment of an accelerator-based BNCT facility for the treatment of different
tumor targets was performed, comparing the accelerator-derived results with reported reactor-based
trials under similar conditions and subjected to the same clinical protocols.
Materials and methods: A set of real image studies was used to cover clinical-like cases of brain and head-
and-neck tumors. In addition, two clinical cases of malignant nodular melanoma treated at the RA-6
BNCT facility in Argentina were used to thoroughly compare the clinical dosimetry with the
accelerator-derived results.
Results: The minimum weighted dose delivered to the clinical target volume was higher than 30 Gy and
14 Gy for the brain tumor and head-and-neck cases, respectively, in agreement with those achieved in
clinical applications. For the melanoma cases, the minimum tumor doses were equal or higher than those
achieved with the RA-6 reactor for identical field orientation and protocol. The whole-body dose
assessment showed that the maximum photon-equivalent doses for those normal organs close to the
beam direction were below the upper limits considered in the protocols used in the present work.
Conclusions: The obtained results indicate not only the good performance of the proposed beam shaping
assembly design associated to the facility but also the potential applicability of accelerator-based BNCT in
the treatment of both superficial and deep-seated tumors.

� 2013 Associazione Italiana di Fisica Medica. Published by Elsevier Ltd. All rights reserved.
Introduction

Boron Neutron Capture Therapy (BNCT) has beenmainly used in
patients for which there is no solution using conventional means.
The first clinical application of Boron Neutron Capture Therapy was
implemented in the ’50s to treat patients with brain tumors (glio-
blastoma multiforme) conducted at the Massachusetts General
Hospital and the Brookhaven National Laboratory [1]. This partic-
ular radiation therapy, which is considered a targeted therapy, is
based on the combined use of slow neutrons and one of the two
stable isotopes of boron (10B) to destroy tumor cells via the neutron
capture reaction, 10B(n,a)7Li. The selectivity of the therapy is based
on the fact that only tumor cells containing 10B will be destroyed,
leaving normal tissues preserved due to their low affinity with the
boron drug. Over the years, improvements in boron compounds
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and neutron sources evidenced promising results that promoted
the continuity of ongoing research and creation of new clinical
protocols in several countries [2e6]. Main clinical targets include
high-grade gliomas, metastatic and cutaneous melanomas, head-
and-neck tumors, among others. Although to date BNCT clinical
trials have been based on existing nuclear reactors as neutron
sources, accelerators are preferred as an alternative to reactors
because of their much lower cost and level of complexity and
mainly due to the possibility of setting up these facilities in
hospitals. From a neutronic point of view, the endothermic
7Li(p,n)7Be nuclear reaction seems to be a fairly promising for
accelerator-based BNCT since the reaction leads to a high neutron
production and a fairly soft low-energy neutron spectrum. Never-
theless, other reactions such as 9Be(p,n)9B, 9Be(d,n)10B and
13C(d,n)14N can be used to produce acceptable neutron fields [7e
11]. At present, there are several research groups around the
world planning to install electrostatic or electrodynamic accelera-
tors in clinical facilities in order to develop accelerator-based
neutron sources for BNCT. In particular, an accelerator-based
by Elsevier Ltd. All rights reserved.
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BNCT facility is being constructed at the Ibaraki-prefecture in Japan.
In this case, the technology choice is the combination of an 8 MeV
(w10 mA) proton Linac consisting of a radio frequency quadrupole
(RFQ) and a drift tube linac (DTL) and a beryllium target [12]. For
this project, the Japanese group is developing a treatment planning
system, patient setting device and monitors, among others [13].
Also in Japan, at Kyoto University Research Institute, the cyclotron
HM-30 accelerator manufactured by Sumitomo Heavy Industries
has been reconditioned to be used in the therapy. A beam shaping
assembly to filter and moderate the fast neutrons emitted from the
9Be(p,n) nuclear reactionwas implemented to render useful a 1 mA
proton beam at 30 MeV to treat patients in the next generation of
BNCT facilities [14,15].

In Argentina a project to develop a Tandem-ElectroStatic
Quadrupole (TESQ) accelerator for accelerator-based BNCT is un-
der way at the National Atomic Energy Commission. The machine is
intended to be able to deliver a high intensity proton beam of
approximately 30 mA at 2.3e2.4 MeV, based on the 7Li(p,n)7Be
reaction. Important progress was achieved in a number of different
areas such as hardware associated to the facility, electrostatic field
assessment, beam transport, tubes, beam shaping assembly (BSA),
patient treatment room, computational dosimetry and treatment
planning [16e23]. Regarding the latter, a theoretical study based on
Monte Carlo simulations was performed to assess the treatment
planning capability of different configurations of an optimized
beam shaping assembly for such accelerator, which is a newway to
test a BSA from a clinical point of view [24].

In this context, the goal of the present work is to explore the
prospects for a potential use of the TESQ accelerator-based facility
in the treatment of different tumor targets that are candidates for
BNCT. The performance of the proposed BSA design associated to
the facility has been theoretically analyzed using computed to-
mography (CT) data of patients through treatment planning and
MCNP simulations. Tumors within the central nervous system and
the head-and-neck region were considered. For these targets no
clinical data for reactor-based BNCT treatments was available in our
group and hence a set of real cases of patients who underwent
standard radiotherapy containing some representative tumor po-
sitions and sizes was used in the present study. In addition, a set of
clinical cases of malignant nodular melanoma treated with the B1
beam of the RA-6 nuclear reactor was used to make thorough
comparisons with the accelerator-derived results. This last com-
parison allowed to evaluate the potential capabilities of the accel-
erator for real clinical scenarios under similar conditions and
within the same protocol.

A feasibility study of a radiation therapy treatment should
include not only the assessment of the effectiveness and radiotoxic
effects in tissues but also the evaluation of the out-of-field dose
delivered during treatment by normal organs distant from the
irradiated target. In the present work a whole-body dose assess-
ment using an analytical whole-body phantom was also included
for the cases of interest.

Materials and methods

The main purpose of the CNEA accelerator facility is to provide a
machine that can be installed in hospitals and suitable to treat
deep-seated tumor targets. Thus, our BSA design has been opti-
mized [20,21,23] to produce the epithermal neutron beam required
to treat these kind of tumors. In this procedure IAEA recommen-
dations on beam quality were taken into account in order to ach-
ieve a similar performance as those of reactors. In addition,
the present work shows that, from a clinical point of view, the
designed BSA can also be applied to other targets when suitable
treatment planning strategies are implemented.
Up to date intense research has been carried out on trials on
central nervous system tumors, head-and-neck tumors and mela-
noma tumors using reactor-based BNCT [2,25e36]. For this reason,
an extensive set based of this kind of targets was studied here
considering clinical-like cases that cover both superficial and deep
tumors of different sizes and locations. Each tumor location was
analyzed according to the same protocol established by clinical
institutions in Japan (Tsukuba), Finland and Argentina that have
treated patients. In this manner we are able to compare our results
with reported data and evaluate the potential effectiveness and
radiotoxic effects of the accelerator-based therapy.

Beam shaping assembly design: spectrum and beam quality
parameters

Beam quality is strongly dependent on neutron fluxes and dose
components which are identified as boron dose (DB), thermal and
fast neutron doses (Dth and Df, respectively) and gamma dose (Dg).
The first component stems from the interaction of thermal neu-
trons with 10B atoms in tissue through the 10B(n,a)7Li reaction
meanwhile the second component arises primarily from the
14N(n,p)14C thermal neutron capture reaction. Fast neutrons with
energies above 10 keV deliver the third component (fast neutron
dose) through elastic collisions with hydrogen nuclei in tissue via
the 1H(n,n0)1H reaction. Finally, the last component is related to
photons that can be generated both in the device structure and
through the 1H(n,g)2H reaction in tissue. Since four dose compo-
nents contribute to the total absorbed dose, BNCT is said to use a
mixed field of radiation. The weighted total dose D is calculated as

D ¼ wBDB þwthDth þwfDf þ Dg; (1)

wherewi is the radiobiologic weighting factor of dose component D
in a particular tissue and a given endpoint, which is used to express
D in photon-equivalent units (Gy). In this work all the expressed
doses are radiobiological weighted unless otherwise indicated.

To provide the optimum clinical neutron beam with low inci-
dent gamma and fast neutron contaminations, an optimized beam
shaping assembly was developed in our group for the accelerator-
based facility assuming a 30 mA proton beam current at 2.3 MeV
[37]. Briefly, the BSA (Fig. 1) consists in of cylindrical tube-like
container of moderating materials and enriched 6Li lithium car-
bonate to filter the thermal neutrons. The moderator is formed by
successive layers of aluminum, PTFE and lithium carbonate sur-
rounded by a lead reflector that contributes to redirect the neutrons
and shield the photons. Both the moderator and reflector form a
solid cone shaped collimator with a 12 cm diameter output port.
This collimator allows the proper patient positioning and as
shielding from the undesired photons and fast neutrons that always
exist in the mixed field of radiation. The circular neutron beam
aperture of 12 cm diameter is shown in Fig. 1 together with the
water cooling system of the target and the position of the metallic
lithium target where the neutron source description is located for
Monte Carlo simulations. The neutron production by the 7Li(p,n)7Be
reaction in the Li target is calculated according to the procedure
described in Ref. [21].

According to IAEA recommendations [38], absorbed dose rate
due to gamma rays per epithermal neutron flux ð _Dg=fepiÞ and the
absorbed dose rate due to fast neutrons per epithermal neutron
flux ð _Df=fepiÞ in existing BNCT facilities should be less than
2� 10�13 Gy cm2 n�1. Beam port parameters associated to the beam
shaping assembly can be estimated using the general purpose
Monte Carlo radiation transport code MCNP5 [39]. For this evalu-
ation, the common definition for an epithermal energy range of
0.5 eVe10 keV was used and the average values were calculated
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Figure 1. Schematic layout of the beam shaping assembly associated to the accelerator-based facility. Beam axis is indicated as �z.
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across the beam aperture of the BSA. These two beam quality pa-
rameters derived from our BSA design are higher than IAEA’s rec-
ommendations, but they are in the same range of those of some
clinical reactor-based facilities (See Table 1). The non-compliance
with these values does not rule out the possibility of very satis-
factory performance, as will be shown in Results Section.

The neutron spectrum in-air at the exit port of the moderator is
shown in Fig. 2. In our simulations the BSA proposed provides an
incident epithermal neutron flux of 0.95 � 109 n cm�2 s�1 with a
thermal-to-epithermal neutron flux ratio of 0.008 and current to
flux ratio (J/f) of about 0.7, in line approximately with those sug-
gested by IAEA (>109 epithermal neutrons cm�2 s�1, <0.05 and
>0.7, respectively). Therefore, the BSA scheme is promising in
terms of beam quality and spectrum. In addition, other parameters
will be evaluated from a clinical point of view to assess the
accelerator-based facility in clinical-like cases.

Protocols

In the present section we will describe the clinical protocols
used in this work that were established by different medical in-
stitutions in the treatment of brain tumors, head-and-neck tumors
and malignant cutaneous melanoma with BNCT.

In 2005 the University of Tsukuba (Japan) established and
approved a protocol to treat newly diagnosed glioblastoma multi-
forme (GBM) at the neutron beam facility installed in the Japan
Research Reactor, JRR-4. The protocol combined fractionated
Table 1
In-air beam quality parameters derived from the accelerator-based facility and some exam
reactor and the beam diameter aperture for each facility are also shown. Other performan
accelerator values, since the study of the accelerator is the aim of the present paper.

Neutron source fepi [109 n cm�2 s�1]

Accelerator (12 cm) 0.95
FCB w/o filter (5 MW, 12 cm) [40] 4.3
JRR-4 (3.5 MW, 10e12 cm) [28] 2.2
THOR (1.2 MW, 14 cm) [41,42] 1.1
FiR-1 (0.25 MW, 14 cm) [43,44] 1.1
KURR (5 MW, 12 cm) [45] 0.46
HFR (45 MW, 12 cm) [46] 0.33
photon therapy and a single BNCT irradiation using two boron
delivery agents available for clinical BNCT trials, sulfhydryl borane
(BSH) and p-dihydroxyboryl-phenylalanine (BPA) [30,47]. Patients
were treated using this protocol until the phase I/II clinical trial was
closed in 2007, while improvements to the reactor core were car-
ried out.

For head-and-neck (H&N) tumors the protocol developed for the
treatment of inoperable, recurrent, locally advanced head-and-
neck cancer in Finland was considered. In this BPA-based BNCT
trial, neutron irradiations were performed at the Finnish FiR-1 Triga
Mark II nuclear research reactor. Each patient was scheduled to be
treated twice at an interval of a few weeks [6]. The final analysis of
the phase I/II trial based on 30 patients was recently published [32].

A phase I/II clinical trial for treating nodular melanoma (NM)
with reactor-based BNCT was started in Argentina in 2003. From
that date to 2007, when Argentina began the process of recon-
verting reactor cores to operate with low enriched uranium, seven
patients were treated with the mixed neutron beam B1 of the RA-6
reactor (thermal neutron flux peak at about 109 cm�2 s�1) accom-
plishing a total of ten irradiations. The developed Argentinian
protocol uses BPA as boron delivery agent followed by a single
neutron irradiation [35]. New licenses were recently obtained from
the Argentine Nuclear Regulatory Authority to restart the clinical
trial. The treatment protocols mentioned above are summarized in
Tables 2 and 3. For dose calculations tissue-to-blood boron con-
centration ratios used in each trial were also considered assuming
themean of the average values computed during the treatments for
ples of measured in-air parameters from epithermal reactor-based facilities. Power
ce parameters are reported in the text. The bold font intents to give a relevance to the

_Df=fepi [10
�13 Gy cm2 n�1] _Dg=fepi [10

�13 Gy cm2 n�1]

5.2 4.9
1.4 3.6
3.1 1.5
3.4 1.3
2.1 0.5
6.2 2.8

12.1 3.8
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Figure 2. In-air neutron beam spectrum at the exit port.

Table 3
Relative biological effectiveness (RBE) factors and compound biological effectiveness
(CBE) factors used in each protocol.

Protocols Boron drug RBE/CBE

GBM
Tsukuba [48]

H&N
Finland [6,26]

NM
Argentina

Boron BPA 3.80 (tumor) 3.8 (tumor) 3.8 (tumor)
1.35 (brain) 1.3 (brain) 2.5 (skin)
2.50 (skin) 2.5 (mucosa)

BSH 2.50 (tumor)
0.37 (brain)
0.80 (skin)

Fast neutron BPA 2.5 3.2 3.0
Thermal neutron 2.5 3.2 3.0
Photon 1.0 1.0 1.0
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the measured 10B concentration in blood in the GBM and H&N trials
and in particular for NM the value was subjected to the retro-
spective data for each patient (Table 4).
Clinical cases

In the present section the clinical cases that were selected to
cover the study of brain tumors (glioblastoma multiforme), head-
and-neck tumors and cutaneous melanoma tumors (nodular mel-
anoma) are presented. This set of cases included superficial and
deep tumors of different sizes and locations (Table 5). Cases GBM
#1 and #2 involved single lesions in the brain while case GBM #3
had multifocal tumors. For H&N cases #1 and #2, a transitional cell
carcinoma in the left maxillary sinus and a squamous cell carci-
noma tumor in the left lateral neck were considered. In particular,
two patients that were irradiated in the RA-6 nuclear research
reactor were selected as the clinical-like melanoma cases. Signifi-
cant differences in the number of nodules and locations between
patients are shown in Fig. 3. As can be observed NM #1 had two
nodules in the right thigh while NM #2 had multiple subcutaneous
skin metastases (10 nodules in total) on the external face of the
right leg.
Treatment planning and assessment

Clinical target volumes (CTV) were defined as the gross tumor
volume with an additional 1 cm margin in all directions for the
GBM and H&N cases. For the NM cases a planning target volume
with multiple melanomas was defined by the radiation oncologist
for each case. Regions of interest including normal organs, were
contoured in the patient’s CT. Medical images were also used to
Table 2
Treatment protocols considered in this work for the different BNCT tumor targets.

Protocols GBM
Tsukuba [47]

H&N
Finland [32]

NM
Argentina

Boron drug BPA þ BSH BPA BPA
Facility & beam JRR-4 epithermal/mixed

f ¼ 10, 12 cm
FiR-1 epithermal
f ¼ 11, 14 cm

RA-6 mixed
f ¼ 15 cm

Prescription
peak dose

Brain
13 Gy

Mucosa
6 Gya

Skinb

16.5e24.0 Gyc

RBE/CBE Table 3
(col. I)

Table 3
(col. II)

Table 3
(col. III)

a Absorbed dose (not weighted).
b Considered as a 5 mm-thick layer.
c Range of maximum skin doses delivered to the NM patients.
create the three-dimensional Monte Carlo model of the geometry
to be treated by partition the CT stack in 11,025 cubes or voxels of
1 cm3, each one with a tissue composition weighted by the volume
fraction of each material present in the cube [49]. For the MCNP
simulations elemental tissue compositions were extracted from
ICRU 46 [50]. In particular for case NM #2, approximately 2.5 cm of
tissue equivalent bolus was needed to thermalize the neutron
beam. For this purpose the CT images of the patient were modified
using an image processing program, creating the tissue compen-
sator of 2.5 cm thickness on the leg. The new stack, including both
the leg and the bolus material was voxelized using the NCTPlan
system [51].

An upgraded version of the NCTPlan v1.3 treatment planning
code allowed us to prepare the input deck for the MCNP5 code
using not only a particle planar source description but also the
complete three-dimensional geometry of the BSA. In addition to
both patient and BSA geometry and material descriptions, dose-to-
kerma conversion factors for neutrons and photons reported in
Ref. [52] were also included in the input. Typical MCNP
runs involved 109 particles yielding relative statistical errors of
about 1% for each dose component computed in a voxel.

Single-field or multiple non-coplanar irradiation fields were
selected (Table 5) in the treatment plans to maximize the dose
delivered to tumors within the limits to normal tissues. In partic-
ular, single anterioreposterior fields were used in the H&N and NM
tumors while for GMB tumors two- or three-field treatment plans
were proposed to ensure a minimum tumor dose of 30 Gy for each
GBM case analyzed. This value was derived by Laramore [53] as the
minimum tumor dose capable of controlling a malignant glioma.
Total equivalent dose distributions were calculated considering the
10B concentrations in normal tissue and tumor and the biological
effectiveness factors described in detail for each protocol in
Protocols Section. Where more than one field was simulated, equal
Table 4
Mean blood-boron concentration and tissue-to-blood ratios from BNCT treatment
data.

Protocols Boron drug GBM H&N NM

Tsukuba Finland Argentina

Blood
10B concentration

BPA 17.4 ppma 19.6 ppma 14.7/16.3 ppmb

BSH 34.6 ppma

Tissue-to-blood ratio BPA 3.5 (tumor) 3.5 (tumor) 3.5 (tumor)
1.0 (brain) 1.0 (brain) 1.5 (skin)
1.5 (skin) 2.0 (mucosa)

BSH 1.0 (all tissues)

a Mean of the average values computed during the treatments for the measured
10B concentration in blood [6,47].

b Values selected from the real data of the two NM patients considered in this
paper.



Table 5
Tumor sizes and locations for the different targets. The number of beams used in the
treatment planning and their orientation are also shown.

Case ID Tumor

Volume
[cm3]

Deptha

[cm]
Location No of fields

& orientationb

GBM #1 18.5 3.9 Occipital lobe 2 RPO LPO
#2 6.4 6.5 Temporoeoccipital lobe 3 SPO RPO LPO
#3 25.9 4.0 Frontal lobe 3 LSL LL P

2.2 3.4 Temporal lobe
4.2 3.5 Occipital lobe

H&N #1 12.9 2.2 Maxillary sinus 1 AP
#2 120.0 7.2 Lateral neck 1 AP

NM #1 0.35/0.45 w1 Thigh 1 AP
#2 0.09e0.87 Superficial Leg 1 AP

a Defined as the minimum distance between the skin and the center of mass of
the tumor.

b RPO: right posterior oblique, LPO: left posterior oblique, SPO: superior posterior
oblique, LSL: left superior lateral, LL: left lateral, P: posterior, AP: anterior posterior.

Figure 4. Schematic view of the beam direction selected to evaluate the whole-body
dose to the patient through the MIT MIRD whole-body phantom, for each tumor
target analyzed.
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mean blood-boron concentration was assumed for each field (i.e.
the boron concentration remained the same for each irradiation).

Since the results obtained from the RA-6 reactor were available
for us, they could be thoroughly compared with the accelerator-
based simulations. For this purpose, all parameters associated
with the irradiation of cases NM #1 and #2 remained the same,
including the boron concentration, prescription dose and field
orientation. At the time of the irradiations, physical characteristics
of the treatment room in the BNCT facility imposed limit on the
positioning of the patient. Thus, in order to determine the
maximum performance achievable by the accelerator in such
treatments, a second treatment planning was performed for each
melanoma case. An improved or optimized beam direction (OBD)
was selected according to the potential benefits that would be
provided by the larger treatment room and the presence of the
external collimator.

According to the characteristics of the particular case analyzed, a
set of different figures of merit (FOMs) was selected to assess the
dosimetry performance of the treatment. As clinical-like cases of
both GBM and H&N involved the irradiation of normal organs in the
head, the same figures of merit including the treatment time, tumor
and normal tissue dosimetry and cumulative dose-volume histo-
grams (DVHs) were employed.

Due to the fact that the principal organ at risk in an NM treat-
ment is the normal skin, other figures were added to the already
mentioned set of FOMs. In particular, since early toxicity is related
to the irradiation delivered to the epidermis and subpapillary
dermis, the superficial dose distribution for normal skin was eval-
uated through the cumulative dose-area histogram (DAH) instead
Figure 3. Patient photographs showing the lesions (a) pointed
of DVH. A normal tissue complication probability model (NTCP)
based on the inhomogeneous dose distributions at the most su-
perficial layer of the skin, as proposed by González et al. was also
used to take into account possible early skin effects [54]. Moreover,
the maximum dose to the skin, the mean dose in the 100 cm2 of
skin that received the highest doses and the related probability-
equivalent uniform dose to the skin were included in the evalua-
tion of the melanoma cases.

The out-of-field dose delivered in the treatment to normal or-
gans was also included as a FOM. For this purpose the analytical
whole-body MIT MIRD phantom distributed by Los Alamos was
used. The phantom was positioned in the most unfavorable field
according to each beam direction simulated in the clinical-like
cases (i.e. three simulations were performed, one for each target).
out by sticks and (b) at the superficial level of the skin.
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Taking into account the three simulations, a total of ten organs
(brain, pharynx, thyroid, thymus, lungs, liver, spleen, stomach,
pancreas and testes) were evaluated. The mean absorbed dose rate
in the mentioned organs was computed according to the available
CBE and RBE values for liver and lung [55,56]. For other organs, the
factors used for brainwere assumed (See Table 3, col. II). The tissue-
to-blood boron concentration ratio of 1:1 was used for all organs. In
Fig. 4 the schematic view of the beam direction selected to evaluate
the whole-body dose to the patient in the MIT MIRD phantom is
shown for each case.

Results

Glioblastoma multiforme

Subject to the maximum dose to normal brain of 13 Gy used in
the brain tumor protocol described in detail in Protocols Section,
cases GBM #1, #2 and #3 resulted in similar irradiation times of
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Figure 6. Cumulative dose-volume histograms for the clinical target volume (C
about 20 min for each field. Since two- or three-field arrangements
were used in the simulations, a complete treatment irradiation
time would be achievable in 1 h. Due to the fact that multiple fields
were used, significant attention should be given to the dose
delivered to the normal brain. Simulations gave an average whole-
brain dose of 4.2, 5.2 and 7.0 Gy respectively. In the cumulative
dose-volume histograms of Fig. 5 for normal brain the expected
increase in the mean dose can be seen with the increase in the
number of radiation fields. Other normal organs in the head such as
eyes, optic nerves and chiasm received amaximumdose lower than
2.8 Gy and a mean dose lower than 1.5 Gy. The DVHs also show the
dose delivered to each CTV. According to the strategy used in the
treatment plans, 100% of the tumor received more than 30 Gy,
reaching minimum doses of 40 or almost 50 Gy, subject to the size
of the tumor and its location in the brain.

The clinical outcome of eight patients with newly diagnosed,
histologically confirmed GBM and with no prior conventional
radiotherapy or chemotherapy was published by Yamamoto et al.
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Table 6
Mean (minimum � maximum) tumor doses derived from the accelerator simula-
tions using the reactor and an optimized beam direction (RBD and OBD, respec-
tively). The retrospective tumor doses from the RA-6 reactor are also shown.

Source Total dose [Gy]

Nodule 1 Nodule 2

RA-6 reactor 38.9 (37.4e40.8) 30.0 (25.7e33.1)
Accelerator (RBD) 49.1 (38.0e56.4) 39.5 (34.7e44.7)
Accelerator (OBD) 50.4 (38.7e56.5) 50.3 (44.0e55.0)

Figure 7. (Color online) Tumor isodose curves for NM #2 under the optimized beam
direction without a bolus material (a) and with a bolus implementation (b). Curves are
normalized to the maximum dose of 22.6 Gy at the skin and are expressed as a per-
centage of that maximum. Note that the last condition provided a usable neutron
energy range in the treatment of superficial nodules.
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[30]. These patients were treated according to the previously
described protocol in Protocols Section. The reported averaged
values of the minimum tumor dose delivered to the CTV were
29.8 � 9.9 Gy and a mean brain dose of 3.9 � 0.4 Gy. The most
common acute adverse effect observed in the group was erythema
(grade 1) and no damage associated with the brain irradiation was
observed. Based on these results the authors have derived 1- and 2-
year survival rates of 80 and 53.3%, respectively. In our simulations
we could deliver to the CTVs at least 30 Gy in all cases with average
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Figure 8. Maximum, mean and minimum doses delivered to the 10 nodules involved in ca
and the reactor beam direction (RBD) and (right) accelerator-based results with bolus and
whole-brain doses between 4.2 and 7.0 Gy. In the Japanese expe-
rience, a mean brain dose of 6.2 Gy was associated to 50% of
somnolence occurrence [30]. This is also consistent with previous
findings from the Brookhaven and Harvard-MIT patient data set
[57,58] that indicated that such toxicity was obtained for average
brain doses between 5 and 7 Gy. The average doses found in our
results for cases GBM #2 and #3 are in the range of those delivered
in the mentioned clinical trials. Thus, the same radiotoxicity effects
as reported in Refs. [30,57,58] for normal brain should be expected.

Head-and-neck

Subject to the mucosal membrane absorbed dose constraint of
6 Gy (not weighed), the irradiation times for the head-and-neck
cases, H&N #1 and #2, were 24 and 36 min. The normal organs
in the head such as brain, eyes, and chiasm received mean doses
lower than 2 Gy. The organ that received the highest dose because
of its location close to the target, was the larynx with a maximum
mean dose of 4.7 Gy. This value is lower than the maximum
acceptable dose of 10 Gy adopted in the Finnish protocol for all
organs except the mucosa. As can be deduced from the cumulative
DVHs plotted in Fig. 6, theminimum doses delivered to the CTVs for
cases #1 and #2 were 14 and 16 Gy (with mean doses of 21 and
31 Gy, respectively). Taking into account that our study is subjected
to the Finnish protocol, these values agree with those achieved in
their clinical applications. A mean average tumor dose of 22 Gy
with a range of 15e33 Gy and 21 Gy between 15 and 28 Gy was
reported by L. Kankaanranta et al. for the first and second BNCT
irradiations. Based on the mentioned procedure performed at the
FiR-1 nuclear research rector in Finland, 76% of the patients ach-
ieved a complete or partial response to BNCT, while 27% of them
survived for 2-years without loco-regional recurrence [6,32].

Nodular melanoma

As stated in the Treatment planning and assessment Section of
cases NM #1 and #2, the reactor beam direction (RBD) and the
optimized beam direction (OBD) were used to study the dosimetry
derived from the BSA. Both plans will be analyzed in each case
considering the different figures of merit related to treatment time,
tumor dosimetry and possible skin damage. Subject to the
maximum dose administered to the skin in the real treatments
(20.8 and 22.6 Gy for cases #1 and #2, respectively), irradiation
times derived from simulations were close to 1 h for both reactor
and optimized field orientations. In particular, for case NM#1 times
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Figure 9. Cumulative dose-area histograms for the skin derived from the accelerator simulations considering the reactor beam direction (RBD) and the optimized beam direction
(OBD). The derived DAH from the real irradiation with the RA-6 reactor is also shown.
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of 56 and 53 min for RBD and OBD respectively, show no difference
compared to the real irradiation time of 56 min. On the other hand,
for case #2 the irradiation time of 43 and 44 min for RBD and OBD,
respectively, was below the real treatment time of 75min. Hence all
the accelerator simulations gave acceptable irradiation times, equal
to or less than those used in the real melanoma treatments.
Regarding tumor doses, in the Table 6 accelerator-based tumor
dosimetry for case NM #1 is presented together with the results
obtained from the retrospective clinical analysis. As can be seen,
physical limits on positioning of the patient in the real treatment
lead to a low dose to nodule 2 compared with that of nodule 1.
When RBD is used in the accelerator simulation, the difference in
the minimum dose between nodules is reduced, showing that even
maintaining the reactor field orientation the doses would be
improved with the proposed accelerator-based neutron source.
Also the maximum and mean doses delivered to the nodules are
higher than those achieved with the reactor with identical field
orientation and protocol, showing the potential applicability of the
proposed BSA in a treatment like this. Moreover, the minimum,
mean and maximum tumor doses could be enhanced if the OBD
was used. In particular when the OBD is compared to the RBD an
improvement in the minimum and mean dose of about 30% is
achieved for nodule 2.

A tumor response analysis based on the clinical outcome of the
patients treated in Argentina [54] reveals that for tumor volumes
larger than 0.1 cm3, minimum andmean doses up to 40 Gy produce
a moderate tumor control (40 and 30%, respectively). Given these
findings and taking into account that the tumor volumes analyzed
in the present case are larger than 0.3 cm3, the minimum doses of
approximately 40 and 50 Gy achieved in nodules 1 and 2, and the
mean dose greater than 50 Gy for both nodules could increase the
likelihood of tumor control, providing a potential clinical benefit
under the OBD planning.

Since case NM #2 involved superficial nodules, the bolus
implementation was needed to provide a usable neutron energy
range. As can be seen in Fig. 7, the introduction of 2.5 cm of tissue
Table 7
Normal tissue complication probability (NTCP) computed for the accelerator treat-
ment plans and reactor irradiations.

Case ID Source & beam direction NTCP [%]

NM #1 RA-6 reactor 73
Accelerator RBD 64
Accelerator OBD 74

NM #2 RA-6 reactor 77
Accelerator þ bolus RBD 92
Accelerator þ bolus OBD 95
compensator material on the leg could provide the correct shift of
the tumor isodose curves, leading to curves between 250 and 150%
(normalized to the maximum peak skin dose of 22.6 Gy) in the
tumor region. The minimum, mean and maximum doses derived
from the accelerator irradiation are compared with those achieved
in the real irradiation in Fig. 8 subject to the reactor field orienta-
tion. In the same figure, a second comparison is also shown be-
tween both simulated beams to determine the attainable
performance of the BSA. As can be seen in the figure, the accelerator
with bolus would provide a treatment at least equal to the one
performed in the RA-6 from a tumor dosimetry point of view if RBD
was used. Furthermore, when the OBD is used eight of the ten
nodules received minimum tumor doses higher than 35 Gy. Also
subject to this field orientation, the mean doses delivered to all
nodules are higher than 40 Gy, thus providing a potential clinical
benefit.

In summary, all treatment plans studied for cases NM #1 and
NM #2 led to acceptable tumor doses compared with the results
derived from the clinical irradiations, showing the potential use of
the accelerator in the treatments of nodular melanomas. Assess-
ment of the normal tissue dosimetry will now be presented
considering the potential damage to the skin, the principal organ at
risk. Since early toxicity is related to the irradiation delivered to the
epidermis and subpapillary dermis, the superficial dose distribu-
tion for normal skin is evaluated through the cumulative dose-area
histograms shown in Fig. 9. For single-fraction photon irradiations,
Figure 10. Figures of merit (FOMs) based on doses together with the assessed clinical
outcome for all the irradiated patients in Argentina (E: erythema and U: ulceration).
Filled circles are the corresponding values obtained with the accelerator-based beam
for the two selected patients. The computed FOMs for the reactor beam direction and
the optimized beam direction are shown.
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skinmoist desquamation appears to be related to doses between 15
and 20 Gy in fields of about 100 cm2 in size [59e61], thus no severe
acute skin reaction would be expected if the proposed BSA was
used in treatments of cases such as NM #1 and #2. Other figures of
merit based on the dose distribution can be used to quantify
possible acute skin damage. In particular, the normal tissue
complication probability (NTCP) for inhomogeneous dose distri-
butions was computed to take into account a radiobiological FOM.
Based on the reported clinical data available to fit the parameters of
the model, the figure determined the probability of developed dry
desquamation. Due to the fact that the mentioned endpoint is fully
accepted from a clinical point of view, we used the model to
establish a relative comparison between the different sources and
treatment plans. As can be seen in Table 7, the NTCP values obtained
for case NM #1 for both RBD and OBD are consistent with those
determined for the reactor. Higher probabilities were obtained for
case #2, reaching 95%. As an estimation of other possible skin re-
actions, the assessed clinical outcomes of every patient that has
been irradiated in the Argentinean melanoma clinical trial was
used. The maximum dose to the skin (Dmax), the mean dose in the
100 cm2 of skin ðD100

meanÞ that received the highest doses and the
related probability-equivalent uniform dose, PEUD100, which is the
uniform dose in 100 cm2 of skin that gives the same NTCP as the
actual inhomogeneous dose distribution, were computed for each
accelerator-based treatment plan. The results shown in Fig. 10 are
compared with those FOMs computed for all the irradiated patients
that developed some skin reaction related with mild and severe
toxicities, scored as erythema or ulceration. As can be seen in the
figure, all of our results are placed in the region of an acceptable
skin erythema for figures D100

mean and PEUD100 defined quantities,
while for Dmax only one treatment plan is obtained in a regionwith
ulceration and erythema, showing that the accelerator can be used
in this kind of treatment.
Whole-body dose assessment

As mentioned earlier, the clinical dose assessment should
include the dose delivered to normal organs that are outside the
treatment field. As can be observed in Fig.11, two dose rate data sets
are distinguishable related to the proximity between the studied
organ and the neutron beam. As expected, organs near the head-
and-neck region have the highest values for the GBM and H&N
treatments while for the NM treatment the testes have the highest
dose rate because of their proximity to the thigh. Here it is
important to note, that while the brain is not considered an organ
that is outside the treatment field, it was nevertheless included in
the evaluation as a control in the first two treatments. The
computed mean dose rate values of 4.45 and 1.88 Gy h�1 in the
GBM and H&N simulations, respectively, resulted in agreement
with the obtained photon-equivalent doses of 5.2 and 0.7 Gy for
cases GBM #2 and H&N #1, respectively, assuming identical treat-
ment times, RBE and CBE factors and boron concentrations. On the
other hand, the dose rate in the pharynx is quite high (19.5 Gy h�1)
for the H&N treatment, however if this value is converted to
photon-equivalent units, it results in 7.8 Gy which is less than the
maximum tolerable weighted dose admitted for all organs (this
excludes the mucosal membrane) in the Finnish trial of 10 Gy. In a
real treatment this dose may be reduced due to proper neck
shielding. Other organs distant from the beam such as lungs, liver,
spleen, stomach and pancreas have mean absorbed dose rates
lower than 0.2 Gy h�1. The main dose component is related to
photons, reaching more than 95% of the total dose rate for those
organs beyond the liver for GBM and H&N treatment and up to the
pancreas for NM. In summary, all cases show low dose rate values
for those organs very distant from the irradiated target and
acceptable values for those which are nearest. Moreover, the
maximum values that were converted to photon-equivalent doses
are below the tolerable doses subject to the same protocols used in
the present paper.
Conclusions

Our results show that the proposed accelerator-BSA design is
suitable for treating different targets, comprising superficial and
deep-seated tumors. Following different established clinical pro-
tocols in BNCT for glioblastoma, head-and-neck tumors and



M.S. Herrera et al. / Physica Medica 29 (2013) 436e446 445
malignant cutaneous melanoma, and optimizing the treatment
planning for each case analyzed, the proposed accelerator-BSA
design yielded a tumor and normal tissue dosimetry and irradia-
tion times as good as, if not better, that those reported for reactor-
based BNCT.
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