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a b s t r a c t

The purpose of this study was to demonstrate the feasibility of sensing changes in a tumor during boron
neutron capture therapy (BNCT) using a Monte Carlo simulation tool. In the simulation, an epi-thermal
neutron source and a water phantom including boron uptake regions (BURs) were simulated. Moreover,
this simulation also included a detector for positron emission tomography (PET) scanning and an
adaptively-designed collimator (ADC) for PET. After the PET scanning of the water phantom, including
the 511 keV source in the BUR, the ADC was positioned in the PET's gantry. Single prompt gamma rays
were collected through the ADC during neutron irradiation. Then, single prompt gamma ray-based to-
mography images of different sized tumors were acquired by a four-step process. Both the signal-to-
noise ratio (SNR) and tumor size were analyzed from each step image. From this analysis, we identi-
fied a decreasing trend of both the SNR and signal intensity as the tumor size decreased, which was
confirmed in all images. In conclusion, we confirmed the feasibility of sensing changes in a tumor during
BNCT using PET and an ADC through Monte Carlo simulation.
© 2020 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) is an effective radiation
treatment technique that is based on the nuclear reaction between
an epithermal neutron and boron-10 (10B). Especially, an alpha
particle is the main therapeutic factor emitted from the boron
neutron capture reaction. Previously, as the thermal neutron source
was generated by a reactor, reactor-based BNCT was effectively
used to treat melanoma [1,2]. However, this thermal neutron had
weak penetration ability [3,4]. Therefore, deep tumors could not be
effectively treated by this technique because the radiation could
not fully penetrate the target tissue. Recently, some companies
have started to develop accelerator-based BNCT (A-BNCT)machines
using proton radiofrequency quadrupole (RFQ) accelerators [5e8].
As an epi-thermal neutron beam can facilitate the treatment of
tumors located deep in the body, BNCT may offer significant value
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for treating the devastating primary brain tumor, glioblastoma. In
the development of an A-BNCT, the tumor status should be moni-
tored by repeated computed tomography (CT) or positron emission
tomography (PET) scanning [9e13]. However, some studies have
proposed a method for observing the tumor status during BNCT
using single photon emission computed tomography (SPECT). In
BNCT, although the main therapeutic factor is an alpha particle
produced by the boron neutron capture reaction (10B (n, a)7Li), the
single photon as 478 keV prompt gamma ray is also emitted from
the same reaction point [14e16]. As the emission point of the
prompt gamma ray is almost identical to the emission point of the
alpha particle, a tomographic image including the tumor region
during treatment can be acquired if a sufficient number of 478 keV
prompt gamma ray events can be detected by SPECT [17,18].
Following the proposal of this approach for monitoring the tumor
status, there have been many studies on the effectiveness of BNCT-
SPECT and potential techniques for further improving and opti-
mizing imaging by this technique [19e23]. In particular, because
the BNCT-SPECT method does not use radioactive isotopes, the
number of effective events is relatively low, which limits the
detection and subsequently image quality. Thus, the development
of specific reconstruction techniques or collimator optimization is
essential [24e28].

However, this strategy for improving BNCT-SPECT has a
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fundamental problem. Normally, prior to BNCT, PET scanning is
used to confirm the bio-distribution of boron intended for the tu-
mor region after the injection of a boronate compound labeled with
18 F-fluorodeoxyglucose (FDG). Thus, to investigate the tumor
status during BNCT, both a SPECT and a PET scanner are required
[29e31]. Through improvements in the BNCT�SPECT, if it is
possible to sense the change in the tumor status, there are some
potential clinical benefits in tumor treatment. The additional
isotope need not be injected to patients unnecessarily. Further-
more, if the tumor monitoring is carried out in real time, it could be
a sophisticated treatment like adaptive radiotherapy (ART) or
image-guided radiotherapy (IGRT). In ART, the treatment planning
during the radiotherapy procedure is changed according to the
changes in the anatomy and biology of the tumor. Thus, sensing the
changes in tumor shrinkage or other related event enables one to
dictate the direction of re-planning for ART. Accordingly, in our
previous study, we proposed the concept of an insertable collimator
to enable the PET scanner to obtain tomography images similar to
SPECT image during the BNCT using Monte Carlo simulations [32].
However, in that study, we presented only the concept of an
insertable collimator without evaluating its effectiveness or opti-
mizing its performance. Furthermore, while the most significant
application of these tools is the ability to monitor the tumor
response and progression during BNCT, there is only one image of
the prompt gamma rays. As such, in this study, we investigated the
effectiveness of our previously proposed collimator concept and
optimized an “adaptively-designed collimator” (ADC) that is suit-
able for the PET scanner. Moreover, by incorporating an additional
simulation condition representing the variation in tumor size, the
variability of the tumor was also evaluated using the tomography.
Generally, BNCT uses fraction-based treatment with a small fraction
Fig. 1. Simulation configuration of the acquisition of two types of tomographic images be
neutron source, a water phantom including four boron uptake regions (BURs), and a PET dete
been added (violet circular structure). (b) A schematic of the proposed BNCT procedure.
treatment. There were two fractions for the treatment simulation. Each fraction included tw
on. Finally, all tomographic images were evaluated by the analysis of the signal-to-noise ra
reader is referred to the Web version of this article.)
number [33,34]. According to the fraction procedure, the physical
size of the tumor will be decreased. This decreasing trend was re-
flected in the simulation.

2. Materials and methods

2.1. Simulation setup and running

For the simulation in this study, Monte Carlo n-particle
extended (MCNPX, LANL, USA, ver. 2.6.0) simulation code was used.
In the simulation, there were two steps per fraction; the simulation
was carried out while decreasing the diameter of the treated re-
gions by 0.2 cm within each fraction. Following the first fraction
treatment, the tumor size in the first step was reduced by 1.0 cm
than that of the previous fraction. The epi-thermal neutrons
(<10 keV) from the neutron accelerator were directed toward the
water phantom with a neutron density of 1.2 � 109/cm2 for each
fraction [35]. The cylindrical water phantom (diameter ¼ 20 cm,
height ¼ 6 cm, and density ¼ 1 g/cm3) consisted of four boron
uptake regions (BURs). Each BUR had a cylindrical pattern and
height of 6 cm. These BURs (35 mg/g) had also different diameters of
4.7, 4.5, 4.3, and 4.1 cm, and were placed at different locations
[coordinates: (0 cm, �3 cm, 5 cm), (5 cm, �3 cm, 0 cm),
(0 cm,�3 cm,�5 cm), and (�5 cm,�3 cm, 0 cm)]. The scintillator of
the PET detector was made of lutetium yttrium oxyorthosilicate
(LYSO; thickness ¼ 2 cm and density ¼ 7.3 g/cm3). LYSO is an
appropriate material for detecting gamma rays in the energy range
of 400e600 keV [36]. To detect the 478 keV prompt gamma ray, a
parallel lead collimator with a density of 11.3 g/cm3 was included in
the PET instrument. The collimator with a thickness of 0.2 cm and
height of 6.0e8.9 cmwas adapted according to the structure of the
fore (top in (a)) and during boron neutron capture therapy (BNCT) (bottom in (a)). A
ctor were simulated. In the bottom of (a), the adaptively-designed collimator (ADC) has
The BURs were confirmed by positron emission tomography (PET) scanning before
o image acquisition processes after the ADC was introduced during the neutron beam-
tio and profile. (For interpretation of the references to colour in this figure legend, the
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PET gantry. The collimators were separated by a 0.3 cm thick frame
[37]. Fig.1 shows the simulation configuration for image acquisition
before and during BNCT. In the lower part of Fig. 1(a), the violet
structure is the ADC for SPECT scanning and Fig. 1(b) shows a dia-
gram of the BNCT procedure. After the boronate compound was
injected, the status of the BURs was confirmed by acquiring a pre-
treatment PET image. Annihilation gamma rays of 511 keV were
detected by the original PET detector without the ADC. In the
simulation settings, the number of neutrons was set to 0.2 � 109

and the energy window level was set to 10% for the energy peak in
the energy spectrum of the prompt gamma ray. After the sinogram
was acquired for PET imaging, the ADC was immediately added to
the PET gantry. The epithermal neutron beamwas used to irradiate
the water phantom including the BURs. Prompt gamma rays of
478 keV were emitted from the neutron capture reaction points in
the BURs and were detected using the collimator added in the PET
detector. The projection acquisition progressed for approximately
8 min, with 32 projection data with a rotation increment of 11.25�

and flux of 4.8 � 108 n/cm2∙s being collected. The projection data
acquisition was made twice during the treatment of each fraction.
Two processed prompt gamma ray images were acquired by the
same method during each fraction.
Fig. 2. Energy spectrum of the 478 keV prompt gamma rays detected by the LYSO
detector is shown in (a). The spectrum was deduced using the F8 tally (energy dis-
tribution tally) with the Gaussian energy broadening (GEB) function [40]. A diagram of
the original patterns and reconstructed images depending on the BNCT procedure is
shown in (b). The original pattern shows the tomography of the virtual water phantom.
The BURs are labeled clockwise as A�D. In the right column, the PET and prompt
gamma ray (SPECT) images reconstructed using a modified reconstruction algorithm
are shown.
2.2. Acquisition of tomographic images and analysis

To reduce the image reconstruction time, the modified ordered
subset expectation maximization (OSEM) reconstruction algorithm
was applied using graphic processing unit (GPU) acceleration.
Originally, the OSEM reconstruction algorithm was based on an
iterative technique. However, due to the expectation maximization
(EM) algorithm, the calculation of the sinogram can proceed in
several subset points in parallel. The number of subset points
should be carefully considered to optimize reconstruction time
based on the original number of iterations. As the main purpose of
using the OSEM algorithm is to reduce the reconstruction time, the
image quality should be comparable to that of the maximum like-
lihood estimation method (MLEM) image. However, using too few
subset points can decrease the image quality by causing insufficient
iteration. Hence, the number of subsets and the image quality
should be balanced. Equation (1) presents the modified OSEM for
GPUebased fast prompt gamma ray image reconstruction.
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where l is the image variable, Yij is the systemmatrix, Pi is the count
number of photons, Dn is the GPU domain length (horizontal thread
number), and Dm is the GPU domain length (vertical thread
number).

A previous study reported GPU computation of the OSEM
reconstruction algorithm in detail, using Eq. (1) [24,38]. To conduct
the iteration at each individual areawithout an overlap, we chose to
use the modified OSEM algorithm. After the computation, all
calculation results were copied to the global memory. The copied
values were then transformed to the image domain. Thematrix size
of the image domainwas 256� 256 with a 20� 20 cm field of view
(FOV) for PET imaging, and 64 � 64 with a 20 � 20 cm FOV for
SPECT imaging. For the image acquisition of BNCT SPECTe since the
number of effective events is too low for reconstruction e the
matrix size should be decreased in order to display image with the
same FOV size. Moreover, a small matrix size can reduce the
reconstruction time greatly. Raw data were acquired from the 32
projections with a rotation angle of 11.25�. The modified OSEM
reconstruction method was used to reconstruct all images with
eight subsets and 15 iterations [39]. This subset setting provided
the best performance in reducing the reconstruction time without
sacrificing image quality.

After the tomographic images were reconstructed, the image
profiles were collected to quantitatively analyze the full width at
half maximum (FWHM) values of the four BURs. In addition, the
signal-to-noise ratio (SNR) of each BUR was calculated. In the case
of the SNR, the noise intensity was inferred from the mid-region of
the image, which showed the highest noise intensity.

3. Results and discussion

Fig. 2 shows the energy spectrum and reconstructed images for
each step. The energy spectrum of the prompt gamma ray from the



Fig. 3. The image profiles (left column) obtained from four boron uptake regions
(BURs) in the reconstructed image with black dotted guidelines (right column). The
graph represents the relative counts ratio of each region from (a) PET image, (b)e(c)
the first and second prompt gamma ray image during the first fraction treatment,
respectively, and (d)e(e) the first and second prompt gamma ray image during the
second fraction treatment, respectively. All figures demonstrate the image profiles of
BUR A (black line with square), B (red line with circle), C (green line with triangle) and
D (blue line with diamond). Since the size of the matrix was different for each image,
the length of the black dotted guideline was different according to the type of image.
(For interpretation of the references to colour in this figure legend, the reader is
referred to the Web version of this article.)
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BNCT simulation is shown in Fig. 2(a). As the effective events were
sorted in the energy window of ±5% from 480 keV to detect the
prompt gamma ray of 478 keV, the energy peak of the prompt
gamma ray at 478 keV was very distinct in the energy spectrum. As
the energy resolution of LYSO is approximately 8e10%, the wide
energy peak covered the 511 keV prompt gamma ray produced by
hydrogen. Although unnecessary events at 511 keV can generate
some noise in the reconstructed images, sufficient detection effi-
ciency is required to reconstruct the image. At this point, we
identified the possibility that some compound used in PET imaging
may cause the noise observed in the prompt gamma ray imaging.
Particularly, if some 511 keV prompt gamma rays are counted
within the energy window, the true signal of the 478 keV peak is
difficult to identify. Since the energy difference between 478 and
511 keV is only 33 keV, a detector with low energy resolution can
lead to a wrong count. Thus, some anomalous events may blur the
reconstructed image. The left column of Fig. 2(b) displays the
original pattern of the simulated water phantom. The right column
of Fig. 2(b) shows the images acquired at each stage of the proposed
treatment procedure e one image prior to treatment and two im-
ages during each treatment fraction e which were reconstructed
with the modified OSEM algorithm based on GPU computation. As
seen in the figure, the diameters of the four BURs in the simulated
virtual water phantom became smaller with the treatment time.
Both the PET image prior to treatment and the first tomographic
image obtained during the first fraction treatment have the same
original pattern. We assumed that the tumor volume decreased
during the fractionation of radiation, and in accordance with this
assumption, we acquired SPECT images tomonitor the tumor status
during treatment. The images in the right column of Fig. 2(b)
demonstrate the capabilities of SPECT image acquisition with on-
line beams to predict tumor status without additional PET scan-
ning. The first image was obtained by PET without the ADC. The
other four prompt gamma ray images were obtained with the ADC
during BNCT and then reconstructed. Since the matrix scale of the
PET images is relatively large, the shape of the BUR is more well-
defined in the PET images than in the SPECT images. However,
because more radioisotopes are stacked at the mid-region of the
BUR, the signal intensity at the edge of the BUR is relatively weak.
Thus, in the SPECT images, while the shape of the BUR changed
Fig. 4. Linear regression analysis of the relationship between the prompt gamma ray
count and BUR size. The adjusted R-square value is 0.9889. The solid blue line is a
linear fit of counts in each BUR and the triangular markers represent the gamma
counts from all BURs. The counts of the prompt gamma ray are proportional to the BUR
size. (For interpretation of the references to colour in this figure legend, the reader is
referred to the Web version of this article.)



Table 1
FWHM and SNR values of each region from the PET and SPECT images.

A B C D

Before treatment PET FWHM 2.20 ± 0.08 1.69 ± 0.08 1.61 ± 0.08 1.52 ± 0.07
SNR 10.01 ± 0.99 7.24 ± 0.58 6.21 ± 0.55 4.72 ± 0.43

1st Fraction treatment 1st SPECT FWHM 0.87 ± 0.02 0.85 ± 0.02 0.84 ± 0.01 0.84 ± 0.02
SNR 19.77 ± 1.00 11.14 ± 0.79 5.09 ± 0.33 3.38 ± 0.26

2nd SPECT FWHM 0.77 ± 0.02 0.77 ± 0.02 0.77 ± 0.02 0.75 ± 0.01
SNR 15.72 ± 1.60 9.87 ± 0.89 4.54 ± 0.44 3.46 ± 0.46

2nd Fraction treatment 1st SPECT FWHM 0.73 ± 0.02 0.71 ± 0.02 0.69 ± 0.02 0.67 ± 0.02
SNR 12.95 ± 0.78 7.81 ± 0.78 4.22 ± 0.16 3.19 ± 0.26

2nd SPECT FWHM 0.65 ± 0.02 0.63 ± 0.01 0.65 ± 0.03 0.64 ± 0.03
SNR 10.88 ± 0.54 5.08 ± 0.57 3.38 ± 0.34 1.97 ± 0.16

PET, positron emission tomography; SPECT, single photon emission computed tomography; FWHM, full width at half maximum; SNR, signal-to-noise ratio.

H.J. Yang et al. / Nuclear Engineering and Technology 52 (2020) 2072e20772076
according to the imaging step at first, the decrease in the BUR size
was difficult to observe in the image by the naked eye. In the mid-
region of the BUR, some noise caused by the 511 keV peaks was also
observed. The uniformity of the BUR shape can be easily influenced
by the pixel size. If the pixel size is large because the number of the
image variable index is small, the change in the intensity is very
sensitive. For this reason, the shape of the BUR is relatively variable.

Fig. 3 shows the results for the five image profiles: (a) the PET
image profile, (b, c) the SPECT image profiles during the first
fraction treatment, and (d, e) the SPECT image profiles during the
second fraction treatment. To analyze the signal intensity, the
image profiles were extracted from each of the reconstructed
images. The image profiles indicated the relative count ratio of
each BUR region. Regions A to D were tagged on the image in the
right column of Fig. 3. The image profile was extracted according
to black dotted guidelines on the images, and the profiles were
plotted as a black, red, green, and blue line for regions A, B, C,
and D, respectively. As expected, the ratios of the relative counts
are approximately proportional to the size of the BUR. In addi-
tion, the correlation between the prompt gamma counts and BUR
sizes is shown in Fig. 4. The solid line in blue represents the
linear fit and the triangular markers represent gamma counts
from the size of each BUR used in this simulation. Thorough
linear regression analysis, the adjusted R-square was found to be
0.9889. Based on the image profiles, the FWHM and SNR values
for each BUR were calculated to quantitatively evaluate the im-
age. Table 1 presents the results of both image analysis methods.
Notably, in the second image obtained during the last fraction
treatment, the value of FWHM is not gradually reduced between
regions as observed in other image sets. That is, although the
FWHM of region C was higher than that of region B, this differ-
ence was negligible. Nonetheless, according to the image anal-
ysis, the size of the tumor gradually decreased in each step. The
variations in both the SNR and FWHM also exhibited a decreasing
trend with each step.

In this study, we performed simulation and image analysis to
successfully demonstrate a reduction in the size of the tumor
regions in the acquired images. This size reduction was visible to
the naked eye, and the signal intensity of the smaller regions was
quantitatively determined to be lower than that of the larger
regions. The purpose of this study was to demonstrate the
effectiveness of a PET-based monitoring system using an ADC.
The strength of this system is the ability to acquire two types of
images from one device. The PET scanner equipped with the ADC
allowed SPECT imaging following the collection of prompt
gamma rays. Although only small variations in the size of the
tumor regions was expected as the size was decreased by 0.2 cm
for each fraction in the simulation, the image analysis clearly
showed a trend of decreasing tumor size in accordance with the
simulated variation.
4. Conclusions

In this study, we acquired both PET and SPECT images using an
ADC before and during neutron beam delivery using a Monte Carlo
simulation tool. We confirmed the variance of tumor size in the
tomographic images and demonstrated that the tumor size
decreased with each additional radiation fraction. In addition, we
demonstrated that the signal intensity is proportional to the size of
the treated region. This study demonstrates that it is feasible to
monitor the tumor status during BNCT using both PET and an ADC.
Based on these significant results, we plan to conduct additional
analysis using a larger set of acquired images.
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