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The in-phantom measurement of physical dose distribution and construction of a convenient
phantom is very important for boron neutron capture therapy planning validation. In this
study we have simulated a head phantom, suggested for construction in boron neutron cap-
ture therapy facilities, and calculated all relevant dose components inside of it using the
Monte Carlo code MCNPX. A “generic” epithermal neutron beam with a broad neutron
spectrum, similar to beams used for neutron capture therapy clinical trials, was used. The cal-
culated distributions of all relevant dose components in brain tissue equivalent were com-
pared with those in water. The results show that water is a suitable dosimetry material and
that the simulated head phantom is a suitable design for producing accurate three-dimen-
sional maps of dose components at enough points inside of the phantom for boron neutron
capture therapy dosimetry measurements and the use of these dose maps in beam develop-

ment and benchmarking of computer-based treatment codes.
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INTRODUCTION

The interest in boron neutron capture therapy
(BNCT) has experienced a significant revival in recent
years. The BNCT therapy is expected to be very effec-
tive for several types of cancer such as malignant brain
tumor and giloblastoma multiform (GBM), for which
no successful treatment has been developed [1].

The physical concept of the method is based on a
nuclear reaction that occurs when a nucleus of boron
('°B) captures thermal neutron, producing two high
LET particles - an a-particle and a Li ion particle [2].
These heavy particles locally deposit their energy of
2.34 MeV in arange of 5-9 mm, which corresponds to
the cell diameter. When a higher radiation dose is re-
ceived by the tumor relative to adjacent normal tissue,
that tumor cell will die [3].

During the exposure to neutrons, the absorbed
dose in tissue is released by the various components of
secondary radiations. Therefore, it is necessary to de-
termine the absorbed dose and separate the various
contributions due to each different secondary radia-
tions produced by neutrons in tissue [1, 4]

The purpose of this paper is to simulate an appro-
priate head phantom for construction in BNCT treat-
ment planning and calculate different dose compo-
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nents in many points inside of it where the measure-
ment devices can be placed in experimental tests. The
three dimensional maps of dose components were ob-
tained in brain tissue phantom and compared to those
in water as a suitable dosimetry material. All of the cal-
culations were carried out using the Monte Carlo
MCNPX code [5].

MATERIAL AND METHODS

Phantom definition

The simulated model is an ellipsoidal acrylic
walled anthropomorphic dosimetry phantom.

In order to insert detectors into the phantom vol-
ume, the phantom base is provided with 13 ports (the
ports numbers are indicated in fig. 1) —one port on the
phantom centre line and six ports, each one on the two
concentric circles of 6 and 10.6 cm diameter. The ports
are spaced 60° apart. The tubes with 1.30 cm outside
diameter and 1.15 c¢cm inside diameter can be inserted
from these ports into the phantom volume. In this de-
sign, the point dose measurement devices, ion cham-
bers, and gold foils can be held in position with an
acrylic spacer at the end of the tubes (fig. 1). Our simu-
lated model is so close to the brain model which is ap-
plied to NCT by Rogus et all [6].



E. Bavarnegin, et al.: The Three Dimensional Map of Dose Components in a ...
274 Nuclear Technology & Radiation Protection: Year 2013, Vol. 28, No. 3, pp. 273-277

Acrylic space for

insertion of
detectors

Acrylic shell
Acrylic ports  Hed

Figure 1. The bottom and side view of the simulated
phantom

Neutron source

A generic epithermal neutron beam with 1% fast
neutron flux contamination (10 keV to 2 MeV) and
10% thermal flux contamination (1 meV to 0.5 eV),
similar to those proposed for use in clinical BNCT,
was employed in this study. Inside each of the three en-
ergy bins of this epithermal spectrum, the modeled
neutron spectrum approximated a 1/E distribution and
all beams were 10 cm in diameter. The intensities of
these beams were normalized to a neutron or photon
flux of 10'° particle/cm?s. For the generic epithermal
neutron beam, the source biasing was used to sample
the higher energy portion of the neutron spectrum
more frequently and thereby reduce the statistical un-
certainty of the fast neutron dose deep in the phantom
[7]. The beam is monodirectional, and coaxial with
z-axis of head phantom.

Dose computation

In BNCT the absorbed dose is from four contri-
butors: the boron dose Dy; the therapeutic dose due to
alpha and lithium particles released in the reaction of
thermal neutrons with '°B(n, a)’Li, the nitrogen dose
Dy (also called thermal neutron dose); the dose from
protons due to the reaction of thermal neutrons with
nitrogen '*N(n, p)'*C , the gamma dose D,;; the dose
from the reaction of thermal neutrons with hydrogen
"H(n, y)*H and background, if not negligible), and the
fast neutron dose Dy, ; the dose mainly due to the recoil
protons from elastic scattering with hydrogen nuclei
"H(n, n')'H. The different dose components, at each
point of interest have their own “radiation quality”,
thus their own RBE. These dose components thus can-
not be simply added. The biological effect of these
dose components was widely studied and radiation
type and boron compound weighting factors were de-
termined in BNCT [4].

The total biologically weighted dose Dy is a sum
of physical dose components (D) (i. e. absorbed dose)
multiplied by weighting factors (w;) of each dose com-
ponent in a tissue. The weighted dose can thus be writ-
ten as [1, 4]

Dy, =wgD, + wgDp +wyDy +wgu Dy, (1)
where Dg, Dg, Dy, and Dy, are physical dose of gamma,
boron, nitrogen, and fast neutron, respectively. The
weighting factors are w,, wg, wy, and wyare 1,1.3,3.2,
and 3.2, respectively The unit for absorbed dose (or
physical dose) is gray, | Gy =1 J/kg. As the weighting
factors are dimensionless, gray is the unit of both the
physical (Dg, Dg, Dy, and Dy,) and total biologically
weighted dose (Dy). To illustrate the difference of the
absorbed and weighted doses, the letter W in parenthe-
sis is added to the symbol Gy writing one space be-
tween the symbol and the additional specification for
the weighted dose, 1 Gy(W) [4]. The '°B concentration
of tissue was assumed to be 10 ppm (ppm = 10"°%). Ele-
mental compositions of brain were taken from
ICRU46 [8] .

The dose rate values were calculated in many lo-
cations of the phantom (along the longitudinal axis of
each port). Neutron and gamma fluxes have been cal-
culated by F4 tally. The corresponding dose values
have been determined using flux to dose conversion
factors (DE and DF cards). The neutron KERMA con-
version for adult whole brain for H, C, N, O, and P is
based on the kermas from ICRU63 [9].

RESULTS AND DISCUSSION

Dose distributions were calculated by placing a
head phantom at 5 cm from exit of an epithermal neu-
tron spectrum similar to the beams used for NCT
clinical trials. All relevant dose components were
determined in brain tissue equivalent phantom for the
10 ppm boron concentration . The results of brain
were compared with water which is a brain equivalent
material in dosimetry measurements. Since the irradi-
ation is in z-direction, dose rate values were deter-
mined in many locations along the z-axis of all thirteen
entries. The 3-D maps of total biologically weighted
dose rates along the longitudinal axis of each port have
been shown in figs. 2 and 3 for brain tissue and water,
respectively.

The color bars on the right side of each figure in-
dicate the value of dose corresponding to the color. It
informs adequately of what is the dose rate value visu-
ally for each figure.

As the figs. 2 and 3 show, the part of phantom
which is in the neutron beam path receives more doses.
The dose rate values in port No. 1 (phantom centre
line) are (more) higher than in other ports. This port is
coaxial with neutron beam.

There are only minor differences between the
dose rate in brain tissue and the water filled phantom,
as the results show. It can be because of the hydrogen
density of water and brain which differ by only a few
percent. The results confirm that water is a suitable
brain equivalent material in BNCT dosimetry mea-
surements.
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Figure 2. Total dose rate in the brain tissue filled
phantom (RBE cGy/min)
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Figure 3. Total dose rate in water filled phantom
(RBE ¢Gy/min)

In order to show the difference of dose rates in
brain tissue and water filled phantom clearly, dose rate
values vs. depth of phantom were plotted for phantom
center line (port No. 1).

As eq. (1) shows, total biologically weighted
dose rate is sum of different physical dose rate compo-
nents multiplied by their weighting factors. Different
dose rates and total biologically weighted dose rate
along the central axis of phantom (port No. 1) are pre-
sented in figs. 4-8.

Figure 4 indicates that gamma dose rate in brain
is abit (more) higher than water filled phantom. This is
because of the absence of chlorine in water. The chlo-
rine has a significant gamma cross-section and causes
an increase in gamma dose rate of brain rather than wa-
ter [10]. As we can see in fig. 4, gamma dose rate
reaches a maximum at the depth of about 2 cm. It is due
to the use of epithermal neutron beam as a source in
our dosimetry calculations. With an increase of the
depth in the phantom, the moderation of epithermal
neutrons gives rise to thermal neutrons and thus in-
creases gamma dose which is due to a reaction of ther-
mal neutrons with hydrogen.
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Figure 4. Gamma dose rate along the central axis of
phantom (port No. 1)
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Figure 5. Fast neutron dose rate along the central axis of
phantm (port No. 1)
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Figure 6. Boron dose along the central axis of phantom
(port No. 1)
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Figure 7. Thermal neutron dose rate along the central
axis of phantom (port No. 1)
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Figure 8. Total dose rate along the central axis of
phantom (port No.1)

No significant differences are observed between
the fast neutron dose rate in water and brain tissue, as
fig. 5 shows. The fast neutron dose mainly is due to re-
coil protons from elastic scattering with hydrogen nu-
clei and since the hydrogen density of brain and water
are close to each other, the fast neutron dose rate of
brain is approximately same with the water.

We can also see that the fast neutron dose rate is
attenuated faster with increasing depth in the phantom
than with the other dose components.

The absence of nitrogen and chlorine in water
increases the thermal neutron flux in water rather than
brain and cause an increase in thermal neutron and bo-
ron dose. The boron dose is due to the reaction of ther-
mal neutrons with 1°B. Thus, the increase of the ther-
mal neutron flux increases the boron and thermal
neutron dose rates in water rather than in brain tissue
(figs. 6 and 7).

Total biologically weighted dose rate is defined
as the sum of the above dose rates components, which
have been indicated in fig. 8 for both brain tissue and
water filled phantom. The total dose is almost identical
in both cases.

CONCLUSIONS

In contrast to other forms of radiotherapy, the
transport of neutrons is more sensitive to the shape and
composition of the patient's body and involves a more
complex assortment of radiation components having
differing biological weighting factors which therefore
need to be considered separately. The BNCT dosime-
try technique is complex and one of the dosimetry re-
quirements for clinical trials is employing an appropri-
ate phantom. Because of these reasons we have
utilized the Monte Carlo simulation to simulate a head
phantom and calculate different dose component in-
side of it. It can be concluded that the simulated phan-
tom is a suitable design for BNCT dosimetry measure-
ments tests. It is close to the human head and the
design permits the measurement of all relevant dose
components at many locations within the phantom.

Also the 3-D dose maps have been obtained. These
dose maps permit provision of the data for comparison
with computational treatment planning codes and
beam development. The results also confirm water as a
suitable dosimetry material.
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Enxam BABAPHEI'TH, Amupe3a CAAPEMOMTA3, Xocenn KAJTA®U

TPOOAMMEH3UOHA MAIIA KOMIIOHEHTHU JO3E Y ®AHTOMY
I''TABE 3A BOP-HEYTPOHCKY TEPAIINJY

W3srpagmwa noropgHor ¢aHToMa U Mepewe pacrnofieiie 03e YHyTap Hera BeoMa cy OMTHH 3a
IIJIaHUpame U NOTBpbuBame OOp-HEYTPOHCKE Tepamnuje. Y OBOM pafly, IpemMa IpernopykaMa ycTaHoBa 3a
0op-HeyTpoHCKY Tepanujy u kopuithetseM MCNPX MonTte Kapno nporpaMckor nakera, CUMYJIHpaH je
¢paHTOM I1aBe U U3pavyHaTe Cy CBe 3HauajHe KOMIIOHEHTE 03¢ yHyTap mwera. KopunrheH je renepuykn
C€OUTEPMAJIHU CHOII HEYTPOHa Ca HIUPOKHUM CIIEKTPOM HEYTpOHa, CJIM4YaH CHOIIOBHMMaA 3a KJIWHHUYKa
UCIUTHUBama OOp-HEYTpPOHCKe Tepanuje. M3paduyHaTe pacnofesie CBUX 3HAa4ajHUX KOMIIOHEHTH [l03a Y
€KBHUBAJICHTY TKHBa MO3ra ynopebeHe cy ca pacnofiesiaMa y Bogu. Pe3synratu cy mokasanu ja je Bopa
MOTOfIaH MaTepujal 3a JO3UMETPH]jy U f1a je CUMYJIHpaHu (PaHTOM IJIaBe MOTOHOT IU3ajHa 3a CTBapame
TayHux 3-D Mama KOMIIOHeHaTa Jio3e y IOBOJLHOM Opojy Tadaka YHyTap (paHTOMa — ynoTpeO/bUBUX 32
TO3WMETpPHUjCKa MEpeHa 1 TeCTHpPamke MPOTPAMCKHX MaKeTa 32 00p-HEYTPOHCKY Tepanujy.

Kmwyune peuu: bop-neyitiporcka ttiepaiiuja, ¢panitiom 2aase, Monitie Kapao iipozpam




