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a b s t r a c t

A new method of dose calculation algorithm, called GPU-accelerated Monte Carlo and collapsed cone
Convolution (GMCC) was developed to improve the calculation speed of BNCT treatment planning sys-
tem. The GPU-accelerated Monte Carlo routine in GMCC is used to simulate the neutron transport over
whole energy range and the Collapsed Cone Convolution method is to calculate the gamma dose. Other
dose components due to alpha particles and protons, are calculated using the calculated neutron flux and
reaction data. The mathematical principle and the algorithm architecture are introduced. The accuracy
and performance of the GMCC were verified by comparing with the FLUKA results. A water phantom and
a head CT voxel model were simulated. The neutron flux and the absorbed dose obtained by the GMCC
were consistent well with the FLUKA results. In the case of head CT voxel model, the mean absolute
percentage error for the neutron flux and the absorbed dose were 3.98% and 3.91%, respectively. The
calculation speed of the absorbed dose by the GMCC was 56 times faster than the FLUKA code. It was
verified that the GMCC could be a good candidate tool instead of the Monte Carlo method in the BNCT
dose calculations.
© 2021 Korean Nuclear Society, Published by Elsevier Korea LLC. This is an open access article under the

CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Boron neutron capture therapy (BNCT) utilizes the thermal
neutron capture reaction of 10B for a cancer threatment. The
10B(n,a)7Li reaction emits 7Li ion and alpha particle that have high
linear energy transfer (LET), that is, have a pathlength about one
cell diameter (below 10 mm). Therefore, the boron neutron capture
reaction can transfer massive dose to the target cell selectively so
that it can destroy only the tumor tissue including boron. For an
effective treatment, firstly, the 10B concentration have to be higher
than 20 ppm in the tumor [1]. Its concentration should be at least
three-times higher in the target area than in the normal tissue.
Secondly, the thermal neutron flux have to be sufficient in the
target area.

In BNCT, a10B compound such as boronophenylalanine (BPA) or
sodium borocaptate (BSH) is used to transfer 10B to the tumor tissue
[1]. These compounds have sufficient tumor/normal tissue ratios
(T/N ratio) of the 10B concentration. For example, clinical trials of
clear Engineering, POSTECH,

by Elsevier Korea LLC. This is an
BNCT in several institutes showed T/N ratio of BPA about 3e4 [2e4].
BNCT can benefit from this ratio to minimize the dose absorbed by
the normal tissue.

BNCT uses epithermal neutrons, as an irradiating neutron
source, which have an energy range from 1 eV to 10 keV to deliver
sufficient thermal neutrons to a deep-seated tumor. It is effective
energy range in order to maximize the thermal neutron flux on the
target area because the epithermal neutrons become moderated in
the human body. When the epithermal neutron penetrates the
water phantom, the thermal neutron flux reaches its maximum at
3 cm from the surface [5]. On the contrary, fast neutrons which can
penetrate more in the body is not suitable for BNCT because those
cause high energy proton recoils. These protons delivers undesir-
able dose that can damage the normal tissue eventually.

Similar to the other radiation therapy methods, BNCT requires a
preceding dose calculation before the clinical trial to determine a
proper irradiation condition and device operation. Theses series of
processes are called treatment planning. In conventional X-ray
therapy, most treatment planning system (TPS) uses a kernel-
convolution method to estimate the treatment dose [6]. In
contrast, most BNCT TPSs use aMonte Carlo method to estimate the
dose. The BNCT planning system of MIT university, NCTPlan, uses
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the MCNP code as the dose calculation engine [7]. Other TPS
developed by Idaho National Laboratory, SERA, uses a built-in
Monte Carlo code called seraMC [8]. JCDS that is developed by
Japan Atomic Energy Agency also uses the PHITS Monte Carlo code
to calculate the dose distribution [9].

The Monte Carlo based TPS shows a high accuracy compared to
the other methods. However, the Monte Carlo method is extremely
time consuming to obtain a proper statistical uncertainty. For this
reason, a real-time patient body displacement tracking and simu-
lation are not possible now [10]. Therefore, there were attempts to
reduce the dose calculation time by replacing the conventional
Monte Carlo code to other algorithm. In JAERI, the multi-voxel
model Monte Carlo method was developed to reduce the dose
calculation time of BNCT. However, it is reported that the
computing speed was increased only 33% compared to the con-
ventional uniform-size voxel [11]. The multi-group diffusion
method for BNCT were also developed and evaluated [10,12].
However, it is reported that the calculation showed large difference
compared to the Monte Carlo method.

Recently, GPU-accelerated Monte Carlo method is applied in
several fields to improve the calculation speed of the computer
simulation. In radiation therapy such as proton and X-ray, there are
some attempts to implement the Monte Carlo on the GPU archi-
tecture [13,14]. Inspired by these studies, we compromised the
Monte Carlomethod and the kernel convolutionmethod to develop
the time-efficient dose calculation system called GPU-accelerated
Monte Carlo and collapsed cone Convolution (GMCC) for BNCT
dose calculation. The GMCC uses a GPU-based Monte Carlo code to
calculate the neutron flux and the modified brachytherapy convo-
lution method to calculate the photon dose. And the local deposi-
tion assumption to calculate alpha and proton dose. This paper
introduces the mathematical principle and algorithm architecture.
The verification of the accuracy and performance of the GMCC was
performed by comparing with the results of the FLUKA calculations
for both of a water phantom and a head CT voxel model [15].
2. Methods

2.1. GMCC system overview

The flowchart of the GMCC dose estimation system is shown in
Fig. 1. The GMCC divides the process of dose calculation to two
steps; the neutron flux calculation and the neutron flux to dose
conversion. Since the simulation of the multiple type particle cause
the thread divergence, the GMCC calculates only the neutron
transport by using the GPU Monte Carlo method. A GPU is efficient
for a single task in parallel. This calculation module is programmed
using CUDA Cþþ of the NVIDIA parallel computing platform [16]
and supports a voxel geometry or a cubic geometry. The function of
importing DICOM format CT images and Hounsfield-to-material
conversion table can build the voxel model automatically. The
Hounsfield-to-material conversion table was referenced in
Schneider. et al. [17]. In this step, the voxel model is not resampled.
The geometrical voxel size is exactly the same as the CT pixel size.
The dose due to such neutrons was considered only by indirect
reactions which is listed in Table 1.

Major reactions in BNCT to be included for the dose estimation
are shown in Table 1. The GMCC divides the dose components into
three categories: alpha dose, proton dose and gamma dose. The
dose conversion routine chooses different methods depending on
the type of particles. The gamma dose is calculated by the collapsed
cone convolution method which is applied generally for the
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brachytherapy. This includes the gammas from the hydrogen
radiative capture, the gammas from 11B decay and the gamma from
35Cl radiative capture. Since these capture gammas are isotropic,
they have similar characteristics with the brachytherapy gamma
source. The difference between the capture gamma and the
brachytherapy gamma is the number of photon sources. In the
brachytherapy, a finite number of sources are used. In BNCT, the
capture gamma can be generated wherever the neutron exists.
Therefore, every voxel, where the medium and neutrons exist,
becomes the capture gamma source in BNCT. The GMCC calculates
the capture gamma doses by the modified collapsed cone convo-
lution based on the brachytherapy convolution method [18]. The
convolution algorithm of the GMCC uses Cþþ programming lan-
guage, that is operated on a CPU architecture. In this step, the voxel
model is resampled since the computing time is increased expo-
nentially as the number of voxels increases. The voxel resampling
algorithm is programmed using Python, because it supports
powerful libraries such as NumPy or SciPy for processing the
multidimensional matrices [19,20]. However, those processes can
cause a relatively high error on the surface of the voxel model
because the air and tissue materials are mixed to one resampled
voxel. Therefore, the size of resampled voxel has to be cautiously
determined.

Other dose components such as proton and alpha are calculated
by the following equation:

D¼
XG
i¼0

fisiNA
r

A
Q ; (1)

where i is the neutron group index, G is the number of neutron
group, fi is the neutron flux of group i [n/cm2/s], si is the neutron
reaction cross-section [b], NA is the Avogadro constant [mol�1], r is
the mass density of material [g/cm3], A is the mass number and Q is
the Q-value of the nuclear reaction [MeV]. The alpha particles and
7Li ions generated in the 10B neutron capture process have a
pathlength under 10 mm. Even the recoiled proton within the en-
ergy of 10 MeV has a pathlength about 1 mm in the water medium.
Therefore, it was assumed at GMCC that those particles stop and
transfer all kinetic energy in the generated position.

2.2. GPU-accelerated Monte Carlo implementation

Thread vectorization is the main difference between the CPU
and GPU architectures [21]. In GPU architecture, all threads of a
same vectorization group, known as warp, executes the same in-
struction on a given machine cycle. The instructions are processed
sequentially in case they are different on thewarp and this situation
is called thread divergence. The key of an efficient use of the GPU
computing resource is to reduce ‘if/else’ conditional statements as
much as possible. Increasing the ‘if/else’ conditions make the
calculation time in the GPU code larger than the equivalent CPU
code.

A conventional Monte Carlo code uses the history-based algo-
rithm in which every single thread transports a particle until it is
escaped from the geometry or captured by the medium. However,
the calculation time increases in the GPU architecture by using the
history-based algorithm because of the thread divergence. As long
as one thread is transporting a particle, other threads that have
finished their particle transport in the same wrap in advance,
should wait until the particle transport finishes in that thread. In
the neutron scattering simulation, the number of collisions corre-
sponds to the computing time of each threads. The number



Fig. 1. Flowchart of the GMCC dose calculation system.

Table 1
Major reactions for the BNCT absorbed dose.

Reaction Dose Components

10B(n,a)7Li þ g Alpha dose, gamma dose
1H(n,n’)p Proton dose
1H(n, g)2H Gamma dose
14N(n,p)14C Proton dose
35Cl(n, g)36Cl Gamma dose
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distribution of the collision events at each transport has a peak near
the mean value and a long tail appears at the end of the distribution
[22]. Therefore, the long tail can degrade the computation perfor-
mance of the history-based Monte Carlo on GPU.

An event-based Monte Carlo calculation is an alternative
method to optimize the vectorized computing machine [23]. In the
event-based algorithm, a history can undergo the events such as
scattering or capture. Therefore, the GMCC uses these events as
independent tasks on each thread so that the thread divergence is
avoided and the calculation time is reduced. The GMCC calculations
are not based on the history directly. The pseudocode of detailed
process of the neutron transport is illustrated in Algorithm 1. The
GMCC examines the particle status at each cycle. Once a thread
reaches the end of the cycle, it generates a primary neutronwithout
considering whether other threads have reached the end of history
or not. Eventually, every thread can track the particle at one event
cycle without any interruption.
1771
Algorithm 1. Neutron transport algorithm

The neutron transport is treated using general reaction principle
such as two-body collision and thermal neutron scattering kernel
[24]. In the GMCC, the neutrons below 20MeV are considered and a
multigroup neutron transport method is applied. For direct com-
parisonwith the calculated results with the FLUKA code, the GMCC
uses the same 260-neutron group structure to one in the FLUKA
code. The ENDF/B-VII.0 neutron cross-section data and the tabu-
lated S(a,b) kernel data are used at the room temperature [25]. The
thermal neutron scattering S(a,b) kernel is applied to neutron
transport under the energy of 4 eV, especially for the interactions
with the hydrogen. The free gas model is used to calculate the
energy and angle of neutron scattering with other elements [26].
The pre-calculated neutron energy-angle scattering cumulative
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table is applied in the neutron transport to avoid the thread
divergence because the rejection sampling technique causes such
thread divergence.
2.3. GMCC Collapsed cone convolution for BNCT

2.3.1. Conventional brachytherapy CCC
The collapsed cone convolution (CCC) is used generally to esti-

mate the absorbed dose, D, which is normalized by primary radiant
energy Rprim. The dose is calculated separately for the two com-
ponents in CCC such that:

D
Rprim

¼Dprim þ Dsc

Rprim
; (2)

where Dprim is the primary dose, Dsc is the scattered dose. Some
other papers separate the scattering does to the first scattering dose
and the multiple scattering dose [18,27]. This work does not
separate the scattered dose because the GMCC has the kernel-
summation step that is not suitable to calculate the multiple scat-
tered dose kernel.

For an isotropic point source, the primary dose at distance r [cm]
from the source point is followed as:

DprimðrÞ
Rprim

¼ 1
4pr2

menðrÞ
rðrÞ exp

0
@�

ðr
0

mðlÞdl
1
A; (3)

where men is the linear energy absorption coefficient [cm�1], m is the
mass linear attenuation coefficient [cm�1] and r is the density [g/
cm3].

The total energy released per unit mass (TERMA) of primary
photon is required to calculate the secondary scattered photon
kernel-convolution. The TERMA at distance r from the source point
is followed as:

TðrÞ
Rprim

¼ 1
4pr2

mðrÞ
rðrÞ exp

0
@�

ðr
0

mðlÞdl
1
A; (4)

where TðrÞ is the total energy released by the primary photon. The
form of the energy release includes both of emitting secondary
photons and the energy deposition. Therefore, the difference be-
tween Eq. (4) and Eq. (3) is the total energy released by emitting
secondary photons. The total energy of the secondary photon at
distance r is followed as:

TscðrÞ
Rprim

¼ 1
4pr2

mðrÞ � menðrÞ
rðrÞ exp

0
@�

ðr
0

mðlÞdl
1
A (5)

The photon energy spreads to other positions by a multiple
scattering of the photon. The point-kernel convolution method
utilizes the point kernel to describe how this TERMA is distributed
to neighbouring medium by the secondary photon. The form of the
point kernel is followed as:

hsðr; qÞ¼ dεsðr; qÞ
Ed3r

; (6)

where dεs is the deposited energy to the volume element d3r and E
is the energy of the first scattered photon. Since photon scattering
has azimuthal symmetry, the point kernel is described by only the r
and q.

The scattered dose can be described by the convolution of point
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kernel and TERMA as the following equation:

DscðrÞ
Rprim

¼
ð ð ð

Tscðr0Þ
Rprim

hsðjr� r0j; qÞd3r0 (7)

These steps describe only the continuous space. These methods
have to be modified in the case of finite voxel geometry.

2.3.2. BNCT suited collapsed cone convolution
The number of photon sources is the major difference between

the brachytherapy and BNCT mentioned above. The brachytherapy
uses only few dwell points (sources). The conventional brachy-
therapy collapsed cone convolution uses the source-oriented
method so that the cone axes are assigned to every source and
performing the collapsed cone convolution for every cone axis.
However, the same method increases the calculation time signifi-
cantly in BNCT. For this reason, a TERMA voxel-oriented method
was introduced to reduce the computing time. The process of the
GMCC collapsed cone convolution is illustrated in Fig. 2. The origin
of the cone axis and the kernel is the TERMA voxel.

In the first step, the GMCC generates the cone axis with the
Fibonacci sphere algorithm [28]. From the TERMA voxel, every
source voxel that passed by the cone axis transfers the primary
photon to an inverse direction of the TERMA voxel cone axis. Since
the GMCC uses the TERMA voxel-oriented method, it utilizes the
symmetric property of the TERMA voxel and the source voxel as
seen from Fig. 2 (b). Once the origin of the cone axis vector is moved
to the centre of the target voxel, the path length index of each voxel
is reversed from (l0, …, li) to (li, …, l0). Therefore, the photon that
generated on source voxel has track-length (li, …, l0) for each voxel
that have the mass attenuation coefficient (m0,…, mi). The TERMA of
the voxel is defined as the difference of radiant energies between
the incoming photon and outgoing photon. The discontinuous form
of Eq. (4) could be obtained for i-th voxel as follows:

Ti ¼
Ri
n

"
exp

 
�
Xi�1

k¼0

mi�klk

!
� exp

 
�
Xi
k¼0

mi�klk

!#
; (8)

where n is the number of cone axis, k is the index of passed voxel, i
is the index of source voxel and Ri is the source intensity of the i-th
voxel [MeV]. As there are n cone axes, every collapsed cone has a 4p

n

solid angle. The cone area at the distance r from the origin is 4pr2
n .

Therefore, the first fraction in Eq. (4) becomes 1
n. The first expo-

nential term is the photon energy fluence before the photon enters
the TERMA voxel. The last term is the photon energy fluence after
the photon passes the TERMA voxel. The path lengths of each voxel
is calculated using the ray-casting and the three-dimensional Dig-
ital Differential Analyser line algorithm [29].

Total TERMA that comes from the cone axis direction is the sum
of Eq. (8) for every source voxel along the cone axis:

T ¼
Ximax

i¼0

Ti (9)

Every element of T has the same kernel direction. Therefore,
every voxel, which exists along the same cone axis, is treated in one
convolution operation. For this reason, the GMCC can reduce the
computing time of the convolution process. The primary dose is
calculated by the following equation:

Dprim ¼ T
men
m

(10)

The secondary TERMA, Tsc, is calculate by the following
equation:



Fig. 2. Summary of the BNCT collapsed cone convolution.
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Tsc ¼ T
m� men

m
(11)

The kernel convolution operation after the kernel summation
follows the methodology of the conventional collapsed cone
convolution [30].

3. Computing platform and code verification

All calculations in this study was performed at the same
computing condition with a single Intel i-7 8086K CPU memory of
32 GB. Both the FLUKA calculation and the convolution calculation
used 12 threads. An NVIDIA RTX 3070 GPU of 5888 CUDA cores and
8 GB memory was equipped for the GPU-accelerated Monte Carlo
calculations.

The performance and accuracy of the GMCC was verified by
comparison of the calculated results of the GMCC and a conven-
tional Monte Carlo code, FLUKA. The verificationwas performed for
two general models, the 10B mixed water phantom and the head CT
voxel model phantom given from DICOM data. The spatial and
energy distribution of the thermal neutrons in two phantoms and
the dose distribution was compared. The mean-absolute-
percentage-error (MAPE) is used to measure the average relative
difference that is defined as follows:

MAPE¼100
n

Xn
t¼1

����Rt � Ft
Rt

����; (12)

where Rt is the reference value, Ft is the forecasted value and n is
the number of fitted points. In this calculation, Rt is the result of the
FLUKA calculation, Ft is the result of the GMCC calculation and n is
the number of voxels.

The size of the water phantom was 20 � 20 � 20 cm3 as indi-
cated in Fig. 3. A circular and a parallel neutron beam with the
radius of 6 cmwas irradiated to the center along the positive z-axis.
The scoring object of the neutron flux and dose was a mesh-grid
style, equivalent to the USRBIN scoring card of the FLUKA code.
The scoring voxel size was 0.5 � 0.5 � 0.5 cm3 so as the number of
voxels on each side was 40. To consider the BNCT simulation,
13 ppm 10B was added uniformly. The incident neutron spectrum
was taken from the measured data of FIR-1 research reactor, in
front of the BNCT assembly aperture [31].

The geometry of DICOM head CT voxel model case is shown in
Fig. 4. The size of scoring voxel was 0.5 � 0.5 � 0.5 cm3 and the
incident neutron beam enters perpendicularly to the crown. The
incident axis was the same to the vertical axis of the human body.
The neutron energy spectrum and the concentration distribution of
10B were the same to those in the water phantom case. In this
calculation, 1020 cone segments were used for performing the
kernel-summation and 540 cone segments were used for per-
forming the kernel-convolution.

4. Result and discussion

4.1. GMCC neutron flux calculation

The calculation results of the GMCC and the FLUKA code for
water phantom are shown in Fig. 5. The neutron condition with
6.00 � 108 histories was simulated by both codes. The cut-off en-
ergy for the neutron was set to 10�5 eV in the FLUKA calculation.
The spatial distribution of the FLUKA calculation results and the
GMCC calculation results are shown in Fig. 5(a) and (b), respec-
tively. These figures show the distribution in the one-layer voxel at
the median plane, which thickness is 0.5 cm. As seen in Fig. 5(c), the
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GMCC shows a good agreement up to 10 cm depth but it also shows
a higher neutron flux than the FLUKA code by 3.6% after 10 cm. The
MAPE of the GMCC and the FLUKA calculation was 2.11% for all
voxel area. The one-dimensional plot of the total neutron flux
calculated using both codes along the incident beam axis is
depicted in Fig. 6(a), and the neutron energy spectrum at the depth



Fig. 3. Simulation geometry of the water phantom. The size of scoring voxel is 0.5 � 0.5 � 0.5 cm3.

Fig. 4. Simulation geometry of head CT voxel model. Both the FLUKA code and the GMCC simulate same geometry. The size of scoring voxel is 0.5 � 0.5 � 0.5 cm3.
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of 2 cm is shown in Fig. 6(b). With such good agreement between
the GMCC and the FLUKA calculations in the water phantom case,
the FLUKA calculations time was 5827 s, while the GMCC calcula-
tion time was 212 s. These results like 27 times faster speed show
1774
the performance newly-developed GMCC code well.
The calculation results of neutron flux for the head CT voxel

model are also shown in Figs. 7 and 8, which indicate the same
calculation but are illustrated at the different view planes. The



Fig. 5. The neutron flux distribution in the median plane of water phantom, (a) the result of the FLUKA calculation, (b) the result of the GMCC calculation, and (c) ratio of GMCC/
FLUKA.
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spatial distribution of neutron flux calculated by the GMCC and the
FLUKA code is at the one layer of the voxel as seen from Fig. 5. The
neutron flux distribution on the transverse plane, at the 14 cm
distance from the crown are shown in Fig. 8. The ratio of those
calculated neutron flux is illustrated in Figs. 7(c) and Fig. 8(c). In the
head CT voxel model calculation, the MAPE of the FLUKA code and
the GMCC was 3.98% for all voxel area. The calculation time was
19690 and 319 s for the FLUKA code and the GMCC, respectively.
That is 60 times faster performance. In addition to simple water
phantom, the application of the GMCC to the complicated, realistic
head CT phantom also showed a good agreement in the neutron
flux simulation with the well-known Monte Carlo code, the FLUKA.
4.2. GMCC dose calculation

Finally, the goal of the GMCC is to estimate the dose to the
specific target like a cancer cell. The performance of the dose
calculation of the GMCC was verified. The same two phantoms, the
water phantom and the head CT voxel model, were the object to be
simulated. In the FLUKA calculation, the cut-off energy is set to
10 keV for photon and electron, 100 keV for heavy ions and 10�5 eV
for neutron, respectively. Since the GMCC calculates the dose using
the deterministic method and the neutron flux calculated with the
Monte Carlo method, only the statistical uncertainty of the neutron
flux is propagated to the uncertainty of the dose distribution.
Therefore, the statistical uncertainty of the GMCC indicates the
neutron flux uncertainty. The performance of the GMCC was
benchmarked by two criteria; the total computing time and the
accuracy as above comparisons. As shown in Fig. 1, the GMCC cal-
culates the dose distribution with several steps. The total
computing time of the GMCC is the sum of the computing time of
all steps. The computing time of the GMCC was compared with one
of the FLUKA code for the same number of primary neutrons. The
accuracy of the GMCC was calculated using Eq. (12).

In the water phantom calculation, the spatial dose distribution
of the GMCC and the FLUKA code are illustrated in Fig. 9. The
absorbed dose is the sum of all dose components shown in Table 1.
Its unit is MeV/g/primary. The dose distribution calculated by the
FLUKA code is shown in Fig. 9(a), and the GMCC calculations are
shown in Fig. 9(b). Those ratios are indicated in Fig. 9(c). These
figures are for one voxel layer in the median plane, which thickness
is 0.5 cm. TheMAPE of the GMCC and the FLUKA codewas 2.07% for
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all voxel area. The computing time comparison is listed in Table 2.
Since the dose calculation is more complex than the flux calcula-
tions, the statistical uncertainty of the FLUKA calculation increase
more at the same number of primary particles. In building voxel
and applying the dose conversion, it is a time-consuming routine to
perform the voxel resampling and assign amaterial. Those steps are
not applied at the normal Monte Carlo calculation of the dose
distribution, like the FLUKA code. However, the total computing
time of the GMCC was 613 s, while one of the FLUKA code was
20640 s. The GMCC made the improvement of 33 times in the
computing time in the case of the simple water phantom.

In the case of complicated, realistic head CT voxel model, the
spatial distribution of total doses calculated by the GMCC and the
FLUKA code are illustrated in Figs. 10 and 11 for the different view
planes. Since the voxel resampling can generate air and tissue
mixed voxel, the voxels with the density under 0.05 g/cm3 are
assumed as air. The dose for these voxels is neglected so that the
dose distribution of air is not shown in Figs. 10 and 11. The GMCC
and the FLUKA calculations are consistent as indicated in Figs. 10(c)
and Fig. 11(c). To investigate the calculation accuracy of each dose
component, the contribution of each dose components was
compared as indicated in Fig. 12. In this figure, gamma, alpha and
proton dose were compared on the beam axis. The GMCC and the
FLUKA calculation results agree well for all dose components. Since
the gamma ray deposits its energy far from the generated position,
the distribution of the gamma dose is broadened. It was confirmed
by the crossing trend of gamma and alpha dose as shown in Fig. 12.
Another singularity is noted in the proton dose distribution. Since
the 14N concentration in the bone material is higher than the tissue
material [17], the density of the proton generated by 14N(n,p)14C
reaction becomes higher in the bone material. The dose peak
around 2 cm depth from the surface, a skull position, is observed in
both of the FLUKA and the GMCC calculation results.

The total computing time of the GMCCwas 639 s, and that of the
FLUKA code was 35820 s as listed in Table 3. The ratio of the
computing time of the FLUKA to the GMCC algorithm is 56. The
MAPE of total absorbed doses calculated by the GMCC and the
FLUKA code was 3.91% in all voxel area. It was verified that the
GMCC accelerated the BNCT dose calculation and the results agreed
well with the calculation using the well-known, high-performance
Monte Carlo code, FLUKA as well.

Additionally, the arbitrary cancer region that has 2 cm radius is



Fig. 6. Spatial and energy distribution of the FLUKA calculation and the GMCC calculation. (a) comparison of neutron flux on the incident beam axis, and (b) energy spectrum at the
2 cm depth from the surface, maximum point of total dose.
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deposited on the brain. With considering the T/N ratio, the 10B
concentration of cancer region is increased to 40 ppm. The beam
axis is aligned to get through the center of the cancer region. The
dose for air voxels also be neglected. The dose distribution of the
FLUKA code, on the median plane is shown in Fig. 13(a), the GMCC
calculation are shown in Fig. 13(b) and the ratio of these codes is
1776
illustrated in Fig. 13(c). The one-dimensional dose distributions of
each dose components are illustrated in Fig. 14. The MAPE of this
calculation is 5.89%, slightly increased since the heterogeneity of
the arbitrary cancer region. The calculation time was almost same
as previous case since the geometry is similar.



Fig. 7. The neutron flux distribution in the median plane of the head CT voxel model, (a) the result of the FLUKA calculation, (b) the result of the GMCC calculation, and (c) the ratio
of GMCC/FLUKA.

Fig. 8. The neutron flux distribution in the transverse plane of the head CT voxel model. Z position is 14 cm, (a) the result of the FLUKA calculation, (b) the result of the GMCC
calculation, and (c) the ratio of GMCC/FLUKA.

Fig. 9. The total absorbed dose distribution of the water phantom in the median plane. 13-ppm 10B is uniformly distributed in the water phantom, (a) the result of the FLUKA
calculation, (b) the result of the GMCC calculation, and (c) the ratio of GMCC/FLUKA.

Table 2
Performance comparsion of the FLUKA code and the GMCC in the water phantom
benchmark.

Code FLUKA GMCC

Average statistical uncertaintya 2.01% 0.63%
Number of primary 1.2 � 109 1.2 � 109

Monte Carlo calculation time 20640 s 435 s
Voxel build and dose conversion N/A 5 s
Kernel convolution N/A 217 s
Total calculation time 20640 s 613 s

a The statistical uncertainty of the FLUKA code is the uncertainty of the total
absorbed dose. In contrast, the statistical uncertainty of the GMCC is the uncertainty
of the neutron flux.
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5. Conclusions

The dose calculation time is a major concern in the conventional
Monte Carlo methods, especially in a medical treatment planning
system. In this study, newGMCC code based on the GPU technology
was developed to improve the calculation time. It was programmed
with the GPU-accelerated Monte Carlo routine, the modified,
collapsed cone convolution and the multiplication routine using
the calculated neutron flux and the data table for the neutron
transport, the photon dose, and the proton and alpha particle dose,
respectively. The GMCC results were compared to the FLUKA cal-
culations to verify the performance and accuracy of the GMCC. Two
cases, the water phantom and the head CT voxel model were
benchmarked in the view of the neutron flux calculation and the
absorbed dose calculation. In the calculation of neutron flux, the



Fig. 10. The total absorbed dose distribution in the median plane. 13-ppm 10B is uniformly distributed in the human body, (a) the result of the FLUKA calculation, (b) the result of the
GMCC calculation, and (c) the ratio of GMCC/FLUKA.

Fig. 11. The total absorbed dose distribution in the transverse plane of the CT voxel model. Z position is 14 cm. 13-ppm 10B is uniformly distributed in the human body, (a) the result
of the FLUKA calculation, (b) the result of the GMCC calculation, and (c) the ratio of GMCC/FLUKA.

Fig. 12. The absorbed dose distribution of the head CT voxel model, on the incident beam axis.
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Table 3
Performance comparsion of the FLUKA code and the GMCC calculation in the head
CT voxel model benchmark.

Code FLUKA GMCC

Average statistical uncertaintya 3.48% 1.00%
Number of primary 6 � 108 6 � 108

Monte Carlo calculation times 35820 s 324 s
Voxel build and dose conversion N/A 15 s
Kernel convolution N/A 300 s
Total calculation times 35820 s 639 s

a The statistical uncertainty of the FLUKA code is the uncertainty of the total
absorbed dose. In contrast, the statistical uncertainty of the GMCC is the uncertainty
of the neutron flux.
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GMCC was 27 times and 60 times faster than the FLUKA code in the
water phantom and in the head CT voxel, respectively. Those were
33 and 56 times in the calculation of the absorbed dose. It was
verified clearly that the GMCC can reduce the dose calculation time
dramatically. With these results, the GMCC is a good substitute tool
for the Monte Carlo method in the BNCT dose calculation.
Fig. 13. The total absorbed dose distribution in the median plane. 13-ppm 10B is uniformly d
target volume, (a) the result of the FLUKA calculation, (b) the result of the GMCC calculatio

Fig. 14. The absorbed dose distribution of the head CT voxel mode
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To verify the accuracy of GMCC calculation, the MAPE of the
dose comparison with the FLUKA calculation was introduced and
the value was 3.91% for a head CT voxel. The MAPE seems not small,
but large differences between the GMCC and the FLUKA calcula-
tions were found at the voxel near the boundary of tissues such as a
head skin or cavities in the head. Mostly the MAPE show very small
value at the tumor area, a middle of head. Also, the CT head
phantom with the arbitrary cancer region was simulated by two
codes. The boron concentration of the cancer was set to 40 ppm, 3
times higher than normal tissue. In this case, it is found that the
GMCC can simulate the heterogeneity of the boron concentration.
Due to the heterogeneity, the MAPE of the dose comparison be-
tween the FLUKA and the GMCC was 5.91%, slightly higher than the
previous case.

The GPU architecture takes thread divergence when the
different types of particles are simulated. Every thread should
calculate the same type of particles simultaneously. Therefore, the
GPU architecture doesn't work well if the reactions, in which two
different types of particles generate each counter particle, exist like
the loop situation. However, in BNCT, the loop situation doesn't
istributed in the normal tissue and bone and 40-ppm 10B is uniformly distributed in the
n, and (c) the ratio of GMCC/FLUKA, white region is the target volume.

l with the arbitrary target volume, on the incident beam axis.
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occur because other particles' energies are not high sufficiently in
order to produce neutrons. This property provides the possibility to
calculate every particle without any GPU thread divergence. New
method applied to the GMCC results in credible data. Since the
GPU-accelerated Monte Carlo calculation showed a noble perfor-
mance, we plan to develop only GPU-accelerated Monte Carlo code
which simulate the dose conversion and other particles' dose
without the convolutionmethod. The GPU-acceleratedMonte Carlo
code without the convolution method will be studied for the BNCT
dose calculation.
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