Applied Radiation and Isotopes 124 (2017) 62-67

journal homepage: www.elsevier.com/locate/apradiso e

Contents lists available at ScienceDirect " loatopes

Applied Radiation and Isotopes

“ Applied Radiation and

Optimization of the Compton camera for measuring prompt gamma rays in

boron neutron capture therapy

a,C,:x

Chun-hui Gong™”, Xiao-bin Tang

@ CrossMark

, Di-yun Shu®, Hai-yan Yu®, Chang-ran Geng"

@ Department of Nuclear Science and Engineering, Nanjing University of Aeronautics and Astronautics, Nanjing, China

® National Institute of Nuclear Physics, INFN, Section of Pavia, Italy

€ Collaborative Innovation Center of Radiation Medicine of Jiangsu Higher Education Institutions, Nanjing, China

ARTICLE INFO ABSTRACT

Keywords:

Boron neutron capture therapy
Prompt gamma rays

Compton camera

Geant4

Optimization of the Compton camera for measuring prompt gamma rays (0.478 MeV) emitted during boron
neutron capture therapy (BNCT) was performed with Geant4. The parameters of the Compton camera were
determined as follows: 3 cm thick — 10 cm wide scatter detector (Silicon), 10 cm thick — 10 cm wide absorber
detector (Germanium), and 1 cm distance between the scatter and absorber detectors. For a typical brain tumor
treatment, the overall detection efficiency of the optimized Compton camera was approximately 0.1425% using

the Snyder's head phantom with a sphere tumor (4 cm diameter and ~1 cm depth).

1. Introduction

Radiation therapy (RT) has been a valuable treatment method for
cancer. The principle of RT is to deliver most of the doses to the tumor
while minimizing the dose to the healthy tissues. As a special type of
RT, BNCT (Bortolussi et al., 2014; Chao et al., 2016; Hang et al., 2016;
Sauerwein, 2012) is considered as a binary radiotherapy that combines
the targeting feature of a novel boron-containing material. Fig. 1
illustrates the process during BNCT. BNCT uses the nuclear capture
reaction of the thermal neutron and '°B. The secondary charged
particles (a and ’Li) have a finite range, which is on the cellular scale.
Therefore, the radiation damage only occurs in the targeted cell.

However, one of the most important concerns of BNCT is determin-
ing the exact position of boron (i.e., the location of boron neutron
capture reaction), and obtaining a real-time image of the location being
treated has not been possible to-date. Therefore, new methods of
obtaining an image of the treatment region are being developed. The
characteristic prompt gamma rays emitted have been used to address
this issue because they are emitted in-situ during the neutron capture
interaction. Several researchers (Hales et al., 2014; Ishikawa et al.,
2000; Kobayashi et al., 2000; Minsky et al., 2011; Murata et al., 2011;
Rosenschold et al., 2006; Verbakel and Stecher-Rasmussen, 2001; Yoon
et al., 2014) recently began to investigate the use of the single-photon
emission computed tomography (SPECT) imaging as a means of
achieving the real-time image of the treatment region. However, SPECT
cameras rely on two-dimensional (2D) collimation of the gamma rays to
produce images, which limits their sensitivity and spatial resolution.
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The Compton camera is a possible method for prompt gamma ray
detection and overcomes the limitations of the SPECT imaging. The
Compton camera localizes the position where the gamma ray is emitted
by analyzing the kinematics of the Compton scattering. The Compton
camera consists of at least two sensitive detectors, i.e., scatter detector
and absorber detector, to score the position and energy loss of the
Compton reaction. Several research groups (Lee et al, 2015;
Stockhausen, 2012) proposed the application of the Compton camera
for the measurement of the prompt gamma rays during BNCT.
Stockhausen (2012) evaluated the feasibility of using the Compton
camera in BNCT. However, to the best knowledge of the authors, no
optimization study was found for the specific application. This fact
limits the efficiency of the Compton camera in BNCT. Therefore, a study
on the theoretical design of the Compton camera for its application in
BNCT is required, i.e. optimizing its overall detection efficiency (i.e.,
effective counts) particularly for 0.478 MeV prompt gamma rays
emitted during BNCT. The condition of the clinical BNCT environment
for the Compton camera is complex and challenging in terms of neutron
contamination, scatters, and algorithms for reconstruction (Peterson
et al., 2010) and will be further researched in detail in future studies;
thus, it is not in the scope of this current study.

The objective of this current study was to develop an optimal
Compton camera specifically designed for measuring the characteristic
prompt gamma rays emitted from the tissue during BNCT. The Compton
camera geometry was optimized with Monte Carlo calculations. We
basically used similar procedure as the Peterson study (Peterson et al.,
2010), which was dedicated to prompt gamma camera design for
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Fig. 1. Nuclear reactions of BNCT. The '°B captures a neutron and then !B disintegrates in 93.7% into an a particle and an excited “Li nucleus, releasing a 0.478 MeV prompt gamma ray

when it de-excited to its ground state.

proton therapy. The optimization was based on the optimal detection
efficiency (i.e., effective count) of detectors with an isotropic gamma
source. The thickness and the lateral width of the two detectors, i.e.,
one scatter detector and one absorber detector, as well as the distance
between the two detectors, were determined by the effective counts of
the Compton camera. Then, the neutron source was used to irradiate
the Snyder's head phantom with a tumor, and the total number of
prompt gamma rays detected was recorded in the Compton camera.
These steps were performed to determine the feasibility of using the
optimized Compton camera to measure the prompt gamma rays for
BNCT and provided an overall detection efficiency in measuring prompt
gamma rays emitted from the tissue during BNCT.

2. Materials and methods
2.1. Principle of a Compton camera

In a Compton camera system, the gamma rays emitted from a source
placed in front of the scatter detector are scattered by electrons in the
scatter detector, depositing a fraction of its energy before getting fully
absorbed in the absorber detector. Under the circumstance where the
deposited energies and interaction positions in both detectors are
measured, the resulting angular distribution may be estimated by a
cone with a central axis co-linear to the first and second interactions,
and an angle, 6, computed from the following Compton equation:

cosd = 1 —m,c*(1/E; — 1/E,) 1

where E, is the initial gamma energy, m,c” is the electron rest energy,
and E; and E, are the energies deposited at P; and P,, respectively
(Fig. 2). This event is denoted as a “true event”. The apex of the
Compton cone is Pj, the axis of the cone is the line P;P,, and the half-
angle of the cone is 0. The gamma ray emission points can be
reconstructed by overlapping the cones from many interactions. The
principle of the Compton camera is illustrated in Fig. 2.

2.2. Monte Carlo simulations

The simulations were performed with Geant4 toolkit (Geng et al.,
2016; Guan et al., 2015; Wright, 2002), which is a Monte Carlo toolkit,
composed of C+ + libraries. The G4PenelopeComptonModel was utilized
to accurately simulate the Compton scattering process. The process
implementation has been validated by several studies, and it has been
validated with many external reference libraries (Cirrone et al., 2010;
Weidenspointner et al., 2013). The Compton camera in this study was
composed of a silicon detector (scatter detector) and a germanium
detector (absorber detector). Silicon detector was sleeted for the
potential for electron track Compton imaging (Thirolf et al., 2016),
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Fig. 2. The principle of the Compton camera. It consists of a scatter detector and an
absorber detector. The Compton cone is constructed by the interaction positions and
energies.
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Fig. 3. The setup of the Geant4 simulation. A gamma point source is suited on the center
axis of the Compton camera at a distance of 6 cm from the scatter detector.

which would increase the reconstruction efficiency. Germanium detec-
tor was chosen for its good energy resolution. The detectors, arranged
in parallel-plane geometry, were modeled in Geant4 as shown in Fig. 3.
An isotropic point source with an energy of 0.478 MeV was used in the
Monte Carlo simulation to study the overall detection efficiency of the
prompt gamma rays in BNCT. It was positioned at the center of the
Compton camera field of view at a distance of 6 cm from the scatter
detector. The thickness and lateral width of the two detectors, as well as
the distance between the two detectors were studied as the variables for
the optimization.
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Fig. 4. The distribution of the number of Compton interactions in the scatter detector
with the thickness of the scatter detector at 1 cm, 3 cm, 5 ¢cm, 7 cm, and 9 cm.

3. Results and discussion
3.1. The thickness of scatter detector

Its lateral width was set at a fixed value of 10 cm to study the
relationship between the detector efficiency and its thickness. The
simulations were run to obtain a statistical error lower than 3% with
3x107 particles. Fig. 4 shows the distribution of the number of
Compton interactions in the scatter detector (Si) for 0.478 MeV gamma
rays. Zero means that the gamma ray does not enter the scatter
detector. One stands for a single Compton interaction in the scatter
detector, considering both the case with energy escape and the case
without escape. The Compton interaction without energy escape means
that the recoil electron deposits all its energy in the scatter detector.
Numbers greater than one represent the multiple Compton interactions
in the scatter detector.

Based on the principle of the Compton Camera, only the single
Compton interaction in the scatter detector can be used in the Compton
cone reconstruction. Therefore, the counts of single Compton interac-
tions were considered in the optimization of the scatter detector. The
detection efficiency of the scatter detector, ¢1, can be defined as follows:

(2)

& = ]vsingle_Complon_interaction/Nprompl_gamma_rays

where Ngingle compton_interaction 1S the number of single Compton interac-
tions in a scatter detector, and Nprompt gamma.rays iS the number of
emitted prompt gamma rays. Fig. 5 shows the relationship between the
detection efficiency of single Compton interactions and the thickness of
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Fig. 5. Detection efficiency results (left axis) of a single Compton interaction when the
thickness of the scatter detector range from 0.5 to 15 cm. On the right axis is the number
of single Compton interactions detected from 3 x 10” photons.
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Fig. 6. Detection efficiency results (left axis) for single Compton interactions when the
lateral width of the scatter detector ranges from 1 cm to 1000 cm. On the right axis is the
number of single Compton interactions detected from 3 x 107 photons.

the scatter detector. The detection efficiency is given by the number of
single Compton interactions shown in the right-hand scale in Fig. 5.

The detection efficiency of the scatter detector increased as the
scatter detector thickness increased initially, and decreased afterward.
The detection efficiency of the scatter detector reached the maximum
value when the thickness of the scatter detector was around 3-5 cm.
The results can be attributed to the single Compton interactions in the
scatter detector that initially increased with an increasing thickness; as
the thickness continues to increase, the multiple Compton interactions
become more prevalent, which caused a decrease in the number of
single Compton interactions in the scatter detector. The 3 cm and 5 cm
were considered as the optimized thickness that can be further
discussed in combination with the lateral width for practical applica-
tions.

3.2. The lateral width of scatter detector

The thickness was set at a fixed value of 3 cm and 5 cm to study the
relationship between the detector efficiency and its lateral width. Fig. 6
shows the relationship between the detection efficiency of single
Compton interactions and the lateral width of the scatter detector.
The detection efficiency of single Compton interactions increased as the
lateral width of the scatter detector increased initially, reached the
maximum value at approximately 300 cm, and then remained almost
unchanged. This behavior can be explained by the influence of the solid
angle (Q). For the isotropic gamma source, the efficiency of the gamma
ray entering the scatter detector was dependent on the lateral width of
the detector but independent of the detector thickness and gamma ray
energy. The efficiency follows the solid angle (Q2) relationship for a
square plane detector as given by:
Q = arcsin[w?/(d? + o2)] 3)
where d is the distance from the source to the scatter detector, and w; is
the lateral width of the scatter detector. The results in Fig. 6 show that
the counts of single Compton interactions increased with w; over the
range of thickness studied in Section 3.1.

The detection efficiency at 3 cm is almost equal to that at 5cm,
whereas the lateral width of the scatter detector ranged from 1 cm to
20 cm. The details can be seen from the enlarged figure in Fig. 6.
Therefore, the optimal thickness of the scatter detector was 3 cm.

The maximum value of the detection efficiency occurred in the
impractical lateral width of the scatter detector (> 300 cm). A more
practical value, 10 cm, was chosen for the lateral width of the scatter
detector. Hence, the optimal dimension of the scatter detector was a
thickness of 3 cm and a lateral width of 10 cm.
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3.3. The thickness of absorber detector

5 cases have been defined ("false events") to explain five different
conditions in which the gamma event cannot be considered in the
efficiency calculation, as shown in Fig. 7. In particular, the gamma rays
escape in all directions from the source, causing a fraction of the
gamma rays to miss the scatter detector (false event #1). Some of the
incident gamma rays scatter out of the absorber detector (false event
#2). A part of the incident gamma rays, which interacts in multiple
points in one of the detectors (i.e. multiple events), is discarded because
only single interactions were considered (false event #3). A section of
the incident gamma rays is lost because the scatter photons do not enter
the absorber detector (false event #4). A portion of the incident gamma
rays gets lost because the scatter photons are absorbed fully by the
scatter detector (false event #5). In Fig. 7, the detection efficiency is
expected to be lower due to the thickness of the absorber detector, if
compare to the scatter detector, because of the occurrence of false
events #4 and #5. The overall detection efficiency, ¢, can be
calculated as follows:

& = Mrue,events/ Nprompt _gamma_rays

4

where Nirye events i the number of true events, and Nprompt gamma_rays 1S
the number of emitted prompt gamma rays.

Fig. 8 shows the relationship between the overall detection effi-
ciency of true events and the thickness of the absorber detector,
whereas the distances of the detectors are 1 ¢cm, 3 cm, and 5 cm. Its
lateral width was set at a fixed value of 10 cm. Regardless of the
distance between the two detectors, the overall detection efficiency of
the true events increased as the thickness of the absorber detector
increased initially, reached the maximum value at 10 cm, and then
remained almost unchanged. This result is attributed to the increasing
thickness of the absorber detector, causing more usable interactions.
Hence, the practical thickness value of the absorber detector was 10 cm.
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Fig. 8. Overall detection efficiency (left axis) of true events when the thickness of the
absorber detector ranges from 1 cm to 15 cm. On the right axis is the number of true
events detected from 1 x 10° photons.
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Fig. 9. Overall detection efficiency (left axis) of the true events when the lateral width of
the absorber detector ranges from 1 cm to 1000 cm. On the right axis is the number of the
true events detected from 1 x 10® photons.

3.4. The lateral width of absorber detector

The thickness of the absorber detector was fixed at 10 cm to study
the relationship between the detector efficiency and the lateral width of
the absorber detector. The lateral width of the absorber detector
affected the number of single, scattered gamma rays from the scatter
detector that entered the absorber detector. Fig. 9 shows the relation-
ship between the overall detection efficiency of the true events and the
lateral width of the absorber detector. The thickness and lateral width
of the scatter detector and the thickness of the absorber detector were
set at 3 cm, 10 cm, and 10 cm, respectively.

The solid angle formula does not apply in this case because of the
attenuation of the scatter detector. The overall detection efficiency was
increased as the lateral width of the absorber detector increased and
reached a saturation value of 50 cm. However, a width of 10 cm was
chosen for the absorber detector because of the limitations in the
current manufacturing capabilities with high purity germanium detec-
tors (Peterson et al., 2010). Therefore, the optimal dimensions of the
absorber detector are 10 cm thickness and 10 cm width.

3.5. The distance between scatter detector and absorber detector

The distance between the two detectors is also an important
parameter of the Compton camera, which determines its maximum
overall detection efficiency 5. A study of the relationship between the
detector efficiency and the distance between the two detectors used the
following parameters. The thickness and the width of the scatter
detector were set at 3cm and 10 cm, respectively, whereas the
thickness and the width of the absorber detector were set at 10 cm
and 10 cm, respectively. Fig. 10 shows the overall detection efficiency
of the true events and the true event counts changed with the different
distances between the two detectors.

Reducing the distance between the two detectors produced an
increase in the true event counts resulting in an increase detection
efficiency of true events, which is also the overall Compton camera
efficiency. The overall detection efficiency ¢, ranged from 0.16% to
0.59%, whereas the distance between the two detectors was set from
10cm to 1cm. The value of the distance between detectors that
optimizes the efficiency is 1 cm. These parameters led to a final
optimized Compton camera for BNCT with detector dimensions of
3 c¢m thick — 10 cm wide for the scatter detector, 10 cm thick — 10 cm
wide for the absorber detector, and a 1 cm distance between the two
detectors.
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3.6. Phantom study with BNCT

The neutron source was used to irradiate the Snyder's head phantom
with a tumor to calculate the overall detection efficiency of the
optimized Compton camera during BNCT to further evaluate the
performance of this optimized Compton camera. This phantom contains
brain, skull, and skin, which are geometrically described by the
following formulas:

Brain : (x/6)> + (y/9)% + ((z — 1)/6.57 = 1 5)
Skull: (x/6.8 + (/9.8)> + (/8.3 = ®)
Skin: (x/7.372 + (y/10.3)> + (z/8.8)% = )

A spherical tumor with '°B was considered in the depth of ~1 cm,
and the diameter was set at 4 cm. '°B concentration in the tumor
volume was assumed to be 30 pig/g. The main composition and density
of the tumor are the same as with the brain tissue. The epithermal
neutron beam from the Massachusetts Institute of Technology research
reactor was used as the neutron source where the detailed spectrum
information can be found (Mirzaei et al., 2014). The distance between
the neutron source and the center of the tumor was set at 30 cm
(Raaijmakers et al., 1997). The size of the neutron source was set at a
4 cm diameter to match the size of the tumor. The diagram modeled in
Geant4 is shown in Fig. 11. The results were tabulated in Table 1. For
the target (tumor) dose of 1 Gy, the number of detected 0.478 gamma
ray was 4.43x 107, with the overall detection efficiency of approxi-
mately 0.154% when the distance of the scatter detector to the skin was
5 cm. The result was lower than the earlier estimate, which can be
explained by the attenuation and the different source volume (i.e., 4 cm
diameter). With the increasing distance of the scatter detector to the
skin, the overall detection efficiency decreased, as shown in Fig. 12.

4. Conclusions

In this study, an optimized Compton camera in a parallel config-
uration was investigated to measure the emitted prompt gamma rays
during BNCT. With the calculated result and reasonable and practical
considerations, the dimensions of the optimized Compton camera are
10 cm lateral width of the two detectors with a thickness of 3 cm and
10 cm for the scatter detector and absorber detector, respectively. The
distance between the two detectors is 1 cm. The optimized configura-
tion was based on the optimal detection efficiency of single Compton
interactions (for the scatter detector) and of true events (for
the absorber detector and the distance between two detectors).
The overall detection efficiency of the optimized Compton camera for
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Fig. 11. The diagram modeled in Geant4 with Snyder's head phantom.

Table 1

Overall detection efficiency of the prompt gamma rays with the optimized Compton
camera in a BNCT situation with 30 ppm '°B concentration in the tumor region when the
distance of the scatter detector to the skin was 5 cm.

Category Value

0.478 MeV Gamma generated in the tumor region
Detected in the Compton camera

2.88 x 10'° per Gy
4.43 x 107 per Gy

Overall detection efficiency (Compton camera) 0.154%
0.16
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Fig. 12. Overall detection efficiency of the optimized Compton camera with different
distances to the head of the patient.

the isotropic gamma source was 0.59%. The Snyder's head phantom
with a tumor was used to illustrate the flexibility of the optimized
Compton camera. Resultantly, the overall detection efficiency was
approximately 0.1425%, whereas the sphere tumor was 4 cm in
diameter and ~ 1 cm in depth. Therefore, the results of this study
provide sound estimates of achievable measurement efficiency under
the effects of the thicknesses and lateral widths of the two detectors and
the distance between the two detectors. Referring to the previous
studies, which include reconstructed images, for Compton Cameras in
proton radiotherapy and other applications (Stothers et al., 2016;



C.-h. Gong et al.

Poitrasson-Riviere et al., 2015), our result shows comparable and
improved efficiency, which proves the justifiability of the work.

Overall, the goal of this present work only focused on the
optimization of the size of the two detectors. The factors arising from
the physical (e.g., shielding, contamination, signal process) and recon-
struction algorithms were excluded. These factors are expected to
decrease the overall detection efficiency, which was optimized in this
study; thus, the result must also hold true with other complex
conditions. Moreover, only silicon and germanium were considered as
the materials for the scatter and absorber detectors in this study. The
reason that silicon was chosen as the scatter detector is the potential for
electron track Compton imaging (Thirolf et al., 2016), and germanium
was chosen for its good energy resolution. Other detector materials
must also be explored for the potential improvement of the overall
detection efficiency. Future studies should focus on the continued
enhancement of the design of the Compton camera, with the long-term
goal of developing a clinically viable online imaging of BNCT.
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