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ABSTRACT
The incidence of brain tumors is increasing in world population; however, the treatments employed in this type
of tumor have a high rate of failure and in some cases have been considered palliative, depending on histology
and staging of tumor. It’s necessary to achieve the control tumor dose without the spread irradiation cause
damage in the brain, affecting patient neurological function. Stereotactic radiosurgery is a technique that
achieves this; nevertheless, other techniques that can be used on the brain tumor control must be developed, in
order to guarantee lower dose on health surroundings tissues other techniques must be developing. The 252Cf
brachytherapy applied to brain tumors has already been suggested, showing promising results in comparison to
photon source, since the active source is placed into the tumor, providing greater dose deposition, while more
distant regions are spared. BNCT - Boron Neutron Capture Therapy - is another technique that is in developing
to brain tumors control, showing theoretical superiority on the rules of conventional treatments, due to a
selective irradiation of neoplasics cells, after the patient receives a borate compound infusion and be subjected
to a epithermal neutrons beam. This work presents dosimetric studies of the coupling techniques: BNCT with
252
Cf brachytherapy, conducted through computer simulation in MCNP5 code, using a precise and well
discretized voxel model of human head, which was incorporated a representative Glioblastoma Multiforme
tumor. The dosimetric results from MCNP5 code were exported to SISCODES program, which generated
isodose curves representing absorbed dose rate in the brain. Isodose curves, neutron fluency, and dose
components from BNCT and 252Cf brachytherapy are presented in this paper.

1. INTRODUCTION
One of the most malignant and aggressive brain tumors is Glioblastoma Multiforme (GBM),
and in most cases, presents recurrence. The survival of patients is usually less than one year
and its treatment is therefore considered palliative. Currently, GBM is treated with surgery,
radiotherapy or chemotherapy, and these techniques can be applied in a joint, however these
methods have some disadvantages, especially for brain tumors [1].
Another technique employed in brain tumors treatments is the stereotactic radiosurgery that is
less invasive and precisely planned local irradiation modality [2, 3]. Studies about this
technique have shown local control and survival benefits, both as a boost and as a salvage
therapy [4, 5]. Besides this, other techniques that can be used on the brain tumor control must
be developed, in order to guarantee lower dose on health surroundings tissues.

Brachytherapy is a tumor treatment technique which an encapsulated source of radioactive
isotope is positioned very close or inside tumor, depositing a radiation dose directly in tumor,
sparing closest organs and preserving the most distant area of the implant [6]. It is usually
administered following external beam radiation or in recurrence cases, but several recent
studies have explored the use of this therapy as upfront treatment at the time of diagnosis [7].
There are some years, the radioisotope Californium-252 has been used in brain tumor
treatments with a successful in its results [7, 8, 9]. This isotope undergoes spontaneous
fission emitting fast neutrons with an average energy of 2.3 MeV and it is considered
satisfactory for the use in brain tumors brachytherapy.
A pointed technique with theoretical superiority in relation to the conventional radiotherapy
modalities is BNCT - Boron Neutron Capture Therapy - that promotes a selective irradiation
in cancerous cells [10, 11]. In this technique, the patient receives a borate compound infusion
that concentrates on the tumor and, after a great time, he is irradiated by thermal neutrons
beam [12]. Those neutrons are moderate for the human tissue along pathway, reaching the
tumor with a thermal spectrum, whose nuclear interaction with boron nuclei is 10 3 times
superior to the human tissue constituent elements. Additionally, there is a deposition of
smaller dose in the healthy tissue and larger in the tumor.
Boron is the most suitable chemical element to be used in this technique due to its high cross
section (3840 barns) for thermal neutrons capture and is not toxic. The borate composition is
absorbed in larger concentration in the tumor, because the cancer cells possess a more
accelerated metabolism than the healthy cells [13, 14].
On the other hand, the capture reaction 10B(n, α)7Li produces a alpha particle and a litium
nucleus, in retreat, with a linear energy transfer of 196 keV/m and 162 keV/m, respectively,
being the medium reach of those particles of approximately a cell diameter (around 10 µm)
[15, 16]. This fact means that the dose deposition originating from nuclear reaction with the
Boron is maintained in the tumor. In 94% of the reactions there is also emission of gamma
rays of 0.48 MeV of energy; however, this contribution is small for the produced biological
effect [12, 15, 17, 18].
A problem in application of BNCT for tumor treatments is to accomplish a suitable neutron
source. An alternative technique for brain tumors treatments is the association of BNCT with
252
Cf brachytherapy. Therefore, the larger dose deposition would occur in tumor due to the
fast neutrons emitted by 252Cf source and also by boron neutron capture due to localized dose
deposition by alpha particle that occur in tumor, where the borate compound concentration is
larger than in healthy tissue.

2. COMPUTATIONAL DOSIMETRY IN THE BRAIN’S VOXEL MODEL
In this work it was realized a computational study of BNCT coupled to
in GBM treatment, using MCNP5 nuclear particle code [19].

252

Cf brachytherapy

In simulation it was used a computational phantom of human’s head in voxel, constructed
based in Visible Human Project’s images [20]. This phantom is composed by 54 axial plans,
with voxels of 3x3x3 mm3 volume, and includes various structures like skin, connective
tissue, muscles, skull, eye, optical nerve, adipose tissue, cartilage, nasal concha, nasopharynx,
parotid gland, vertebra, vertebral body, mandible, mucous membrane, tongue, palate,
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meninges and cerebrospinal fluid, cortex, gray matter, white matter, corpus callosum, limbic
system (including the structures that make their connections and thalamus and
hypothalamus), ventricles, hypophysis, cerebellum, brain stem and spinal cord. In phantom it
was also incorporate a GBM representative tumor, with a volume of 13.7 cm3, localized in
left temporal lobe [21]. The phantom was constructed in SISCODES program [22] that
exports the voxel model to MCNP5, in a format understood by this code. Later, SISCODES
program generates isodose surfaces in the computational phantom from the results obtained
in MCNP5 simulation.
On the simulations, a boron concentration of 40 µg/g in the tumor and of 8 µg/g in the
adjacent healthy tissue to the tumor (white matter, gray matter and limbic system) were
incorporated to the computational phantom, resulting in a concentration ratio of healthy
tissue:tumor of 1:5. This ratio is approximately the concentration ratio found in some
pharmacokinetic experimental studies of boron carries, mainly for the boronophenylalanine
compound, known as BPA-fructose [11, 12, 23].
In the input of the MCNP5 code, a 252Cf source was defined as that is a cylinder with 2 cm of
diameter and 3 mm of radius, which emits fission neutrons in radial direction with an energy
spectrum of 2.53E-8 MeV to 14 MeV. The 252Cf source was positioned inside of tumor and it
was requested as output the neutrons fluency and absorbed dose in the cerebral tissues,
irradiated by 1500000 particles emitted by source. It was also requested to the code to
transform the average energy deposition (MeV/g) in absorbed dose rate (Gy.h-1/Mp.s-1)
through a unit conversion factor. This unit means that a dose rate of one gray per hour is
deposited in tissue when submitted to a fluency of one million particles emitted per second by
source and it was defined to evaluate better the results in terms of irradiation time in brain
tumors treatment.
Considering the energy of neutrons emitted by 252Cf source and the chemical composition of
the human tissue, as well as the probable interactions that can occur in agreement with the
microscopic cross section of each element present in tissue, it is possible to end that the main
components that contribute to the total absorbed dose rate, to be considered in BNCT coupled
to 252Cf brachytherapy, are:
•
•
•
•
•

DS – dose due to gamma rays emitted by the source.
DH – dose due to elastic interaction of incident neutrons with hydrogen, 1H(n,n)1H;
Dγ – dose due to thermal neutrons capture by hydrogen, 1H(n,γ)2H;
DN – dose due to thermal neutrons capture by nitrogen, 14N(n,p)14C;
DB – dose due to thermal neutrons capture by boron, 10B(n,α)7Li;

Values of DS, DH, and Dγ components were obtained from the request of absorbed dose rate
in MCNP5 code. The version of the code used in this study doesn't evaluate the transport of
protons and ions as 14C, generate in 14N(n,p)14C, and nor the α particles and 7Li nuclei
transport, generate in10B(n,α)7Li reactions. Therefore, same voxel were selected to analysis
and the components DN and DB in these voxels were calculate from manipulation of fluency
values obtained in MCNP5 simulation. Nitrogen and boron densities in each voxel is known,
and with neutrons fluency in an specific energy range, in each voxel, obtained from MCNP5,
it was possible to find the reaction rate of 14N(n,p)14C and 10B(n,α)7Li. Starting from number
of reactions and released energy values in each reaction, it was found the average energy
deposited in each voxel. This energy was multiplied by the same conversion factor that was
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used in MCNP5 simulation and it got the absorbed dose rate due the two components in each
voxel selected for analysis.
Absorbed dose rate for each component was multiplied by a weighting factor to consider the
biologically weighted dose rate, which takes into account the several radiation types to
achieve the same biologic end point. This weighting factor, Relative Biological Effectiveness
(RBE) factor, considers the biologic effects produced in tissue due to mixed field of high and
low LET radiation, in this study represented by neutrons, alpha particles and gamma rays.
The biologic weighting factors for principal dose components deposited in normal brain
tissue and brain tumor are presented in the Table 1.

Table 1 – Biologic weighting factors (w) for DS, DH, Dγ, DN e DB dose components
w
wS
Tissues
Tumor
0.5
Health tissue
0.5
Source: Reference 23 and 24.

wH

wγ

wN

wB

3.2
3.2

0.5
0.5

3.2
3.2

1.3
3.8

Biologic weighting factors, wS and wγ, used for DS and Dγ dose rate component is smaller
than the usually used for photons, due to the drop dose deposited by this component (in this
study, maxim of 4.06E-07 Gy.h-1/Mp.s-1 and 1.11E-05 Gy.h-1/Mp.s-1, respectively), in
agreement with ICRP, which recommends the inclusion of a reduction factor in the
coefficients of probability calculation of induction certain biological effect due to the drop
dose rate (<0.19 Gy/h) of low LET radiations, as it is the case gamma radiation.
The total biologically weighted dose rate was obtained by the sum of absorbed dose rate
components multiplied by their respective biologically weighting factors, as it proceeds:
Dw = DS . wS + DH . wH + Dγ . wγ + DN . wN + DB . wB,

(1)

where D w is the total biologically weighted dose rate; DS, DH, Dγ, DN and DB are,
respectively, the absorbed dose rate due to the gamma rays coming from the source, elastic
scattering by hydrogen, neutron capture by hydrogen, neutron capture by nitrogen and
neutron capture by boron; and wS, wH, wγ ,wN and wB are, respectively, the biologically
weighting factors for DS, DH, Dγ, DN and DB absorbed dose rate components.
3. RESULTS
The results obtained in MCNP5 simulation for absorbed dose rate were exported to
SISCODES program that generated isodose surfaces in the computational phantom, which
represent, in colors, the absorbed dose rate percentage in brain tissue starting from a
maximum value of absorbed dose rate.
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The dose due to interaction of gamma rays emitted by 252Cf source with the human tissue,
represented by DS component, was deposited only in tumor area, in 11 plans of computational
phantom. Figure 1 shows 8 of these sections, prioritizing the plans containing the tumor, with
isodose surface zone extend for each image.

Maximum dose rate:
6.7E-06 Gy.h-1/Mp.s-1

Absorbed dose rate
(% maximum dose)

≥ 80

≥ 50

≥ 25

≥ 10

≥5

≥0

Figure 1. Isodose curves in computational phantom due to interaction of gamma rays
emitted by 252Cf source with the human tissue.
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The dose deposition due to the interaction of neutrons emitted by 252Cf source with the
human tissue, represented by DH component that also occur only in tumor area, including 11
plans of computational phantom. Figure 2 shows 8 of these sections, prioritizing the tumor
area images, with isodose surface area extend for each image.

Maximum dose rate:
4.02E-02 Gy.h-1/Mp.s-1

Absorbed dose rate
(% maximum dose)

≥ 80

≥ 50

≥ 25

≥ 10

≥5

≥0

Figure 2. Isodose curves in computational phantom due to the interaction of neutrons
emitted by 252Cf source with the human tissue.
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The isodose surfaces in Fig. 1 and Fig. 2 are very similar, because neutrons and gamma rays
originate in a same point – 252Cf source – being emitted in radial direction. But absorbed dose
rate percentage is based in maximum dose rate that was 6.7E-06 Gy.h-1/Mp.s-1 to gamma rays
and 4.02E-02 Gy.h-1/Mp.s-1 to neutrons.
Gamma radiation coming from neutron capture, represented by Dγ component, also interacts
with the tissue originating a dose deposition in 46 plans of computational phantom. Figure 3
shows 9 of these sections, prioritizing the tumor area images.

Maximum dose rate:
7.47E-05 Gy.h-1/Mp.s-1

Absorbed dose rate
(% maximum dose)

≥ 80 ≥ 50 ≥ 25 ≥ 10

≥5

≥0

Figure 3. Isodose curves in computational phantom due to gamma radiation coming
from neutron capture interaction with the human tissue.
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Neutrons Fluency (neutrons/cm2)

On Fig. 3 it is possible to observe that the largest dose deposition happened in the tumor that
presents a dose rate percentage with values above 25% of maximum dose rate. This fact
means that gamma radiation was generated in tumor area, due to the thermal neutrons capture
by boron, present in concentration of 5:1 in relation to the normal tissue. The wide dispersal
of isodose areas is due to the fact of the gamma rays originate in a same area, being emitted
in radial direction, towards the most external part of the model. Additionally, there is a dose
deposition in a large part of head, but in low percentage, reaching a maximum of 9% of the
maximum dose rate in the most external part and between 10 and 24% in closer tumor area.
Figure 4 shows neutrons fluency obtained in MCNP5 simulation, in several energy ranges.
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Figure 4. Neutrons fluency obtained in MCNP5 simulation. The tumor area is
approximately between 3 cm and 5 cm of depth.

Biologically Weighted Dose
(RBE.Gy.h-1/Mp.s-1)

The total biologically weighted dose rate was calculated starting from the final values of each
biologically weighted dose rate component and the curves of them are presented in Fig. 5.
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Figure 5. Biologically weighted dose rate components (DSwS, DHwH, Dγ wγ , DNwN, DBwB)
and total biologically weighted dose rate (Dw). The tumor is approximately between 3
cm and 5 cm of depth.
Observing the graph of Figure 5 is possible conclude that the larger total biologically
weighted dose rate occurs in a depth between 2 cm and 6 cm that include tumor and healthy
adjacent tissue, as it was expected due to the source positioning. The average deposited dose
in tumor area it was 1.03E-01 RBE.Gy.h-1/Mp.s-1 while in the healthy tissue the average
deposited dose it was 2.47E-03 RBE.Gy.h-1/Mp.s-1. Therefore, the deposition dose in tumor
area was 41.7 times larger than in healthy tissue. The main contribution to this dose was due
to the neutrons interaction with human tissue, which presented an average deposited dose in
tumor area of 1.01E-01 RBE.Gy.h-1/Mp.s-1 while in the healthy tissue the average deposited
dose was of 2.32E-03 RBE.Gy.h-1/Mp.s-1.
The boron had an important contribution in mentioned values due to its high cross section to
neutron capture, mainly to thermal neutrons. This fact explains the reduction of the fluency in
tumor area for neutrons with energy up to 1 eV, presented in Fig. 4. Besides, the interaction
of tissue with alpha particles generated in neutron capture reactions produced a localized
deposition dose in tumor with an average deposited dose of 9.59E-04 RBE.Gy.h-1/Mp.s-1
while in healthy tissue it was of 7.18E-05 RBE.Gy.h-1/Mp.s-1. Therefore, the deposition dose
in tumor was 13.35 times larger than in healthy tissue, due to the ratio borate compound
concentration in healthy tissue:tumor to be of 1:5.

4. CONCLUSIONS
The results demonstrate that BNCT coupled to 252Cf brachytherapy is an alternative technique
to brain tumor treatment that besides presented a more viable neutron source, intensifies the
dose deposition in tumor sparing healthy tissue.
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