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a b s t r a c t

The mechanical-collimation imaging is the most mature technology in prompt gamma (PG) imaging
which is considered the most promising technology for beam range verification in proton therapy. The
purpose of the present study is to compare the performances of two mechanical-collimation PG cameras,
knife-edge (KE) camera and multi-slit (MS) camera. For this, the PG cameras were modeled by Geant4
Monte Carlo code, and the performances of the cameras were compared for imaginary point and line
sources and for proton beams incident on a cylindrical PMMA phantom. From the simulation results, the
KE camera was found to show higher counting efficiency than the MS camera, being able to estimate the
beam range even for 107 protons. Our results, however, confirmed that in order to estimate the beam
range correctly, the KE camera should be aligned, at least approximately, to the location of the proton
beam range. The MS camera was found to show lower efficiency, being able to estimate the beam range
correctly only when the number of the protons is at least 108. For enough number of protons, however,
the MS camera estimated the beam range correctly, errors being less than 1.2 mm, regardless of the
location of the camera.
© 2018 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

The main advantage of proton therapy over conventional X-ray
and electron beam therapy is the high-gradient dose distribution at
the end of the proton beam range, which provides highly conformal
radiation dose to the tumor volume, sparing surrounding normal
tissue and critical structures. Because of the advantage, the
numbers of proton therapy centers and the patients treated with
proton therapy are rapidly increasing. Despite the advantage and
the increasing interest in proton therapy, however, there is still a
critical issue that has to be addressed to maximize the efficiency of
therapy and the safety of the patient. That is, we should be able to
measure the proton beam range in the patient, preferentially in real
time [1].

Because the proton beam completely stops in the patient, the
secondary radiations generated from the proton beam passage in
the patient are utilized to locate the proton beam range. Note that
by Elsevier Korea LLC. This is an
the range is defined as the depth or the location of distal 90% dose
in a depth-dose curve. There have been several studies on prompt-
gamma (PG) measurement for real-time measurement of the pro-
ton beam range in the patient [2]. The first feasibility study was
done by Min et al. [3], who used a single silt collimator and a single
detector. Currently, many research groups are developing PG
measurement systems for beam range verification or measurement
based on different technologies, such as mechanical collimation
imaging [4e6], Compton imaging [7e9], prompt gamma timing
(PGT) [10], prompt gamma peak integration (PGPI) [11], and
prompt gamma spectroscopy (PGS) [12]. The Compton imaging,
PGT, PGPI, and PGS have their own advantages but have not yet
matured to be applied to patient treatment. The conventional
mechanical-collimation imaging provides only one-dimensional
dose information, but we still believe it is the most mature and
promising technology at present due to the high counting efficiency
and the high accuracy of the determined proton beam range.

In the present study, we compared two mechanical-collimation
cameras, knife-edge (KE) and multi-slit (MS) camera, which have
been proposed by researchers [4,6,13,14]. Even though the KE and
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MS camera have been compared by some research groups in the
past [15,16], the comparisons are not considered fair in that the MS
camera in comparison was not an optimized system while the KE
camera was a fully optimized system. In the present study, we
compared the performances of the KE camera optimized by Perali
et al. [4] and the MS camera optimized by Park et al. [17]. For this,
these cameras were modeled by Geant4 Monte Carlo code [18], and
the performances of the cameras were simulated and compared for
imaginary point and line sources and for proton beams incident on
a cylindrical PMMA phantom.

2. Material and methods

2.1. Monte Carlo simulation

The Geant4 (version 10.03.p01) Monte Carlo simulation toolkit
was used to simulate the KE and MS camera for measuring PGs. For
hadron physics, the QGSP_BERT_HP physics list was chosen, which
shows a good agreement with the measurement of prompt
gammas. The simulations also used the physics models of
G4EmStandardPhysics_option4, G4HadronElasticPhysics, G4Ion-
ElasticPhysics, and G4IonPhysics, G4DecayPhysics, and G4Stop-
pingPhysics. The range cut-off for proton, electron, positron, and
photon was set to be 0.1 mm. Variance reduction technics (VRTs)
were not used. The computer used for the simulations had a CPU
with an Intel® Xeon® Processor E5-2697 v2 with 256 GB of memory
and operated on the CentOS7 operating system.

2.2. Knife-edge (KE) and multi-slit (MS) camera

Fig. 1 shows the knife-edge (KE) camera, which consists of a KE
collimator and two rows of 20 LYSO scintillations, as described in
Perali et al. [4]. The KE collimator is made of tungsten (16.96 g/cm3)
with 40 mm thickness, 63� slit angle, 6 mm slit width, and 120 mm
height. Each of the 40 LYSO scintillators (Lu1.8Y0$2SiO5:Ce, 7.1 g/
cm3) has a size of 4 mm (thickness) � 30 mm (width) � 100 mm
(height). The 40 LYSO scintillators are located at a distance of
200 mm from the center of the collimator (see Fig. 1). The camera
register a count if a gamma ray deposits 3e6 MeV to one of the
detectors.

Fig. 2 shows the multi-slit (MS) camera, which consists of an MS
collimator and two rows of 36 CsI(Tl) scintillators. The MS colli-
mator is made of tungsten, and both the slit width and septal
thickness are 2 mm. The height of the slits is 100 mm to match the
height of the CsI(Tl) scintillators. The length of the slit is 100mm. To
overcome the physical limitations of the 4 mm slit pitch, the multi-
slit collimator is placed in a staggered arrangement (see Fig. 2, side
view), which provides 2 mm measurement pitch. The 72 CsI(Tl)
Fig. 1. The knife-edge (KE) camera. The dimensions are in millimeters.
scintillators (4.51 g/cm3) of 3 mm (thickness) � 30 mm
(width) � 100 mm (height) are located right behind the slits of the
collimator. The energy window of the MS camera was set to that of
the KE camera; that is, the MS camera is set to register a count if a
gamma ray deposits 3e6 MeV to one of the detectors.

2.3. Curve fitting methods

Fig. 3 shows the curve fitting methods used with the KE and MS
camera to determine the range (i.e., absolute range) of the proton
beam. The 3-line-segment fitting is used for the KE camera to
determine the range of the proton beam, as described in Smeet
et al. [19]. The 3-line-segment curve is defined by four points, and
the first and fourth point are set to the first and last positions of the
PG distribution, respectively. The second point and the third point
are selected to best fit the measured distribution of prompt
gammas. From these characteristic points, the location of the ab-
solute range is determined as the middle of the second and the
third points.

The sigmoidal curve fitting is used for the MS camera to
determine the range of the proton beam. For this, the fitting
window, to apply the sigmoidal curve fitting, is determined as
follows. The start point of the fitting window is determined as
10 mm in front of the maximum peak of the distribution which
was produced by applying the 8-point moving average filter on
the PG distribution. The endpoint of the fitting window is deter-
mined as 40 mm behind the falloff point determined by the
method of Sobel edge detection. After the determination of the
fitting window, the sigmoidal curve fitting is applied to the fitting
window in the PG distribution, after applying the median filter to
the original PG distribution to remove the statistic noise. The in-
flection point of the sigmoidal curve is then taken as the location
of the proton beam range.

3. Results and discussion

In the present study, the performances of the KE and MS cam-
eras were compared by simulating therapeutic proton beams
incident on a cylindrical PMMA phantom. Before these simulation
with therapeutic proton beams, however, we first compared the
performances of the KE and MS camera for simple imaginary point
and line sources for more intuitive comparison. Fig. 4 shows the
simulation geometry for the point source. The point source is
assumed to emit prompt gammas with the same energies and
emission yields of the PGs, for the energies greater than 3 MeV,
which are generatedwhen a 150MeV proton beam is irradiated to a
PMMA phantom. The point source was assumed to be positioned at
different locations, with the separation distance of the source (from
Fig. 2. The multi-slit (MS) camera. The dimensions are in millimeters.



Fig. 3. Curve fitting methods: 3-line-segment fitting (left) and sigmoidal curve fitting
(right).
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the collimator surface) changing from 130, 180, 230, 280, to
330mm and the displacement distance changing from 0, 10, 20, 30,
40, 50, to 60 mm. Note that the displacement distance is the dis-
tance from the reference point which is the center of the collimator
and the center of the 6th collimator slit for the KE and MS camera,
respectively. The simulation was performed for each of the source
positions. For each simulation, enough number of source particles
(¼ 109 prompt gammas) were simulated to eliminate the effect of
statistics. Note that a complete stopping of a 150 MeV proton in a
PMMAproduces, on the average, 6.6� 10�2 prompt gammaswhose
energies are higher than 3 MeV.

Fig. 5 shows the simulated PG images for the KE andMS camera
for the source positions at the separation distance of 230 mm. For
the KE camera, the center of the peaks, obtained from Gaussian
fitting to the images, was found at 0.0, 10.7, 21.2, 31.9, and
42.3 mm, for the displacement distances of 0, 10, 20, 30, and
40 mm, respectively. The results show that, except for the point
source located at the center of the KE collimator (i.e., displace-
ment distance ¼ 0.0 mm), the peaks are found at different loca-
tions, by up to 2.3 mm, when compared to the positions of the
point source. The image was not obtained for the point source at
50 and 60 mm of displacement distance due to the limited FOV of
the KE camera. The resolutions, in full width at half maximum
(FWHM), of the images were within the range of 21.1e23.2 mm
considering all source locations. The counting efficiencies were
within the range of 4.1� 10�4e 5.3� 10�4. For theMS camera, the
center of the peaks was always observed at the source locations,
within 0.1 mm of error, considering all source locations. The image
Fig. 4. Simulation geometry for point and line source. The dimensions are in
millimeters.
resolutions and counting efficiencies were 7.4 mm (FWHM) and
1.5 � 10�4 e 2.6 � 10�4, respectively, considering all source
locations.

Table 1 summarizes the results of peak positions and image
resolutions for the entire source locations considered in the present
study. The hyphens (‘-‘) in the table means that a valid image is not
obtained for the given condition (i.e., separation and displacement
distances). The table shows that FOV decreases with the decrease of
separation distance for the KE camera while FOV does not change
for the MS camera.

For the KE camera, except for the point source located at the
center of the collimator (i.e., displacement distance ¼ 0 mm), the
peaks are found at different locations, by up to 3.2 mm, when
compared to the positions of the point source. For the MS camera,
the peaks were observed at the source locations, within 0.1 mm of
error, considering all source locations.

The FHWM values are within the range of 17.9e28.2 mm and
4.7e8.9 mm for the KE and MS cameras, respectively. For both
cameras, the FWHM value does not significantly change with the
displacement distance, but significantly changes with the separa-
tion distance. For example, the FWHM value increases by 1.6 and
2.1 times when the separation distance changes from 130 to
330 mm for the KE and MS camera, respectively, for the displace-
ment distance of 0 mm.

The counting efficiency is within the range of 0.2 � 10�3 e

1.1 � 10�3 and 1.8 � 10�4 e 4.0 � 10�4 for the KE and MS camera,
respectively. The counting efficiencies also significantly change
with the separation distance, but hardly change with the
displacement distance for both cameras. The counting efficiency
decreases by 3.4 and 2.0 times when the separation distance
changes from 130 to 330 mm for the displacement distance of
0 mm. In general, the counting efficiency of the MS camera is lower
by 1.2e3.1 times when compared to the KE camera considering all
source locations.

The performances of the cameras were also compared for an
imaginary line source emitting prompt gammas. For this, a 50 mm-
long line source located at 230 mm away from the surface of the
collimator (i.e., separation distance ¼ 230 mm) was assumed to be
imagedwith the KE andMS camera (see Fig. 4). For each simulation,
again enough number of source particles (i.e., 109 prompt gammas)
were simulated to eliminate the effect of statistics. Fig. 6 shows the
simulated PG images for the KE and MS camera for the line source.
The image of theMS camerawas found to show a higher gradient at
the end of the line source, as expected from the point source results,
better representing the shape of the line source. For distance
(d) > 20 mm, on the other hand, the MS camera shows quite a high
level of counts (~20% of the maximum counts), which indicates that
the MS camera will suffer from high level of background counts
when the MS camera is used for therapeutic proton beams. Note
that in real proton therapy, the patient and the treatment roomwill
be inundated by the capture gammas produced from neutron
captures.
Fig. 5. The simulated PG images for the KE (left) and MS camera (right) for the point
source at different displacement distance (0, 10, 20, 30, 40, 50, and 60 mm). The
separation distance is 230 mm.



Table 1
Estimated peak positions, image resolutions (in FWHM), and efficiencies for the imaginary point source at different locations.

Camera Separation distance Estimation parameters Displacement distance

0 mm 10 mm 20 mm 30 mm 40 mm 50 mm 60 mm

KE 130 mm Peak pos. (mm) 0.0 10.6 21.2
Image resol. (mm) 18.0 17.9 18.0 e e e e

Efficiency 1.1 � 10�3 1.0 � 10�3 9.2 � 10�4

180 mm Peak pos. (mm) 0.0 10.6 21.2 31.9
Image resol. (mm) 20.6 20.5 20.2 20.3 e e e

Efficiency 7.2 � 10�4 7.2 � 10�4 7.0 � 10�4 5.9 � 10�4

230 mm Peak pos. (mm) 0.0 10.7 21.2 31.9 42.3
Image resol. (mm) 23.2 23.2 22.9 22.6 21.1 e e

Efficiency 5.3 � 10�4 5.3 � 10�4 5.2 � 10�4 5.0 � 10�4 4.1 � 10�4

280 mm Peak pos. (mm) 0.0 10.6 21.3 31.9 42.5 52.3
Image resol. (mm) 25.9 25.6 25.5 25.2 25.0 23.5 e

Efficiency 4.1 � 10�4 4.0 � 10�4 4.0 � 10�4 3.9 � 10�4 3.7 � 10�4 3.0 � 10�4

330 mm Peak pos. (mm) 0.0 10.6 21.2 31.9 42.7 53.2 62.3
Image resol. (mm) 28.5 28.1 28.2 27.8 27.7 27.7 24.5
Efficiency 3.2 � 10�4 3.2 � 10�4 3.2 � 10�4 3.1 � 10�4 3.1 � 10�4 2.9 � 10�4 2.2 � 10�4

MS 130 mm Peak pos. (mm) 0.0 10.0 20.0 30.0 40.0 50.0 60.0
Image resol. (mm) 4.8 5.2 4.7 5.2 4.8 5.2 4.7
Efficiency 3.6 � 10�4 3.8 � 10�4 3.8 � 10�4 3.9 � 10�4 3.9 � 10�4 4.0 � 10�4 4.0 � 10�4

180 mm Peak pos. (mm) 0.0 10.0 20.0 30.0 40.0 50.0 60.0
Image resol. (mm) 6.3 6.3 6.3 6.3 6.3 6.3 6.3
Efficiency 3.0 � 10�4 3.1 � 10�4 3.1 � 10�4 3.1 � 10�4 3.2 � 10�4 3.2 � 10�4 3.2 � 10�4

230 mm Peak pos. (mm) 0.0 10.0 20.0 30.0 40.0 50.0 60.0
Image resol. (mm) 7.4 7.4 7.4 7.4 7.4 7.4 7.4
Efficiency 2.5 � 10�4 2.5 � 10�4 2.6 � 10�4 2.6 � 10�4 2.6 � 10�4 2.6 � 10�4 2.6 � 10�4

280 mm Peak pos. (mm) 0.0 10.0 20.0 30.0 40.0 50.0 60.0
Image resol. (mm) 8.6 8.6 8.6 8.6 8.6 8.6 8.6
Efficiency 2.1 � 10�4 2.1 � 10�4 2.2 � 10�4 2.2 � 10�4 2.2 � 10�4 2.2 � 10�4 2.2 � 10�4

330 mm Peak pos. (mm) 0.0 10.0 20.0 30.0 40.0 50.0 60.0
Image resol. (mm) 9.9 9.8 9.8 9.8 9.8 9.8 9.8
Efficiency 1.8 � 10�4 1.8 � 10�4 1.8 � 10�4 1.8 � 10�4 1.9 � 10�4 1.9 � 10�4 1.9 � 10�4
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3.1. Therapeutic proton beam incident on a PMMA phantom

To compare the performances of the KE and MS camera for
therapeutic proton beams, simulations were performed for a
therapeutic proton beam incident on a cylindrical phantom which
is made of PMMA (density ¼ 1.19 g/cm3) and has the dimensions of
300 mm (diameter) and 400 mm (length). Fig. 7 shows the ge-
ometry of PG imaging for therapeutic proton beam (pencil beam)
incident on the center of the cylindrical phantom for the KE camera
MS camera. For the KE camera, the distance between the beam and
the surface of the collimator was set to 230 mm in order to keep a
Fig. 6. The simulated PG images for the KE and MS camera for an imaginary line source
with 50-mm long. The dash line shows the source distribution of the line source.
5:4 magnification ratio corresponding to a field of view (FOV) of
100 mm along the beam axis [4]. For the MS camera, the distance
between the beam and the surface of the collimator was also set to
230 mm to have the same measurement condition with the KE
camera. For the KE camera, the center of the camera was aligned
with the expected location of the beam range. For the MS, the
position of the camera is not important, but also aligned with the
location of the beam range to keep the same measurement
condition.

Fig. 8 shows the simulated PG images for the KE and MS camera
for 150 MeV proton beam incident on the cylindrical phantom. The
simulations were done for different numbers of protons (109, 108,
and 107) delivered to the phantom. Each simulation was repeated
10 times to get the mean and standard deviation of counts at each
point, which is plotted in the figure. Note that the real range, which
is defined as the depth or location of distal 90% dose in a depth-
dose curve, is 133.9 mm for the 150 MeV proton beam. The KE
camera estimated the range as 134.4 ± 0.2, 132.1 ± 0.7, and
130.9 ± 1.9 mm for 109, 108, and 107 protons. The MS camera esti-
mated the range as 134.2 ± 0.4 and 135.5 ± 1.5 mm for 109 and 108

protons, and the MS camera could not estimate range for 107 pro-
tons due to low statistics. The result shows that for the number of
protons equal to or greater than 108, both the cameras estimate the
beam range within 2 mm of error. The KE camera is better from a
statistical point of view even though for this result, the location of
the KE camera should be adjusted so that the center of the camera
is aligned, at least approximately, to the expected location of the
range.

Fig. 9 shows the simulated PG images for the KE (left) and MS
(right) camera which were obtained changing the energy of the
proton beam. The energies simulated in the present study were
122.7, 136.8, 150.0, 162.4, and 174.2 MeV, which correspond to the
beam ranges of 93.9, 113.9, 133.9,153.9, and 173.9 mm, respectively.



Fig. 7. Simulation geometry of PG imaging for therapeutic proton beam incident on
cylindrical PMMA phantom for KE camera (left) and MS camera (right).

Fig. 8. The simulated PG images for the KE (left) and MS (right) camera for 150 MeV
proton beam incident on a cylindrical PMMA phantom.

Fig. 9. The simulated PG images for the KE (left) and MS (right) camera for different
proton energies. The figure shows the range (black filled square) determined by the 3-
line-segment and sigmoidal curve fitting (right). The dotted vertical lines show the
locations of the real range for comparison.
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Again, each simulation was repeated 10 times to get the mean and
standard deviation of counts at each point, which is plotted in the
figure. Note that the cameras are now aligned with the beam range
location of the 150 MeV beam. 109 protons were simulated for each
case.

The KE camera estimated the beam range as 100.8 ± 0.3,
116.5 ± 0.2, 134.4 ± 0.2, 159.6 ± 0.4 mm for 122.7, 136.8, 150.0, and
162.4 MeV proton beams or for the real ranges of 93.9, 113.9, 133.9,
153.9, and 173.9 mm, respectively. This result shows that the KE
camera estimates the beam range correctly only when the KE
camera is aligned with the location of the beam range. In the pre-
sent study, the KE camera correctly estimated the beam range only
for the 150 MeV proton beam for which the camera is aligned.

On the other hand, the MS camera estimates the beam range
correctly for all proton beam energies considered in the present
study. The MS camera estimated the beam range as 94.7 ± 0.4,
114.4 ± 0.4, 134.4 ± 0.4, 154.3 ± 0.4, and 172.7 ± 0.4 mm for the real
ranges of 93.9, 113.9, 133.9, 153.9, and 173.9 mm, respectively, er-
rors being less than 1.2 mm considering all proton beam energies.
This result confirms that we do not need to align the MS camera to
the location of the beam range, which is a significant advantage of
the MS camera over the KE camera, especially in pencil beam
scanning (PBS) proton therapy in which the energy of the proton
beam changes continuously and rapidly during the treatment. Note
that at present the PBS proton therapy is considered the most
promising technology in proton therapy [20].
4. Conclusions

In the present study, the performances of the KE andMS camera
were compared by Geant4 Monte Carlo simulations for proton
beam rangemeasurement in proton therapy. Our simulation results
generally show that the KE camera shows higher counting effi-
ciency, being able to estimate the beam range even for 107 protons
for a spot. The results, however, also confirms that in order to es-
timate the beam range correctly, the KE camera should be aligned,
at least approximately, to the location of the proton beam range,
which is the main drawback of the camera, especially when we
consider that the energy of the proton beam changes continuously
and rapidly during pencil beam scanning (PBS) proton therapy
which is at present considered the most promising technology in
proton therapy. On the other hand, the MS camera shows lower
efficiency when compared to the KE camera and theMS camera can
estimate the beam range correctly only when the number of the
protons is at least 108, which is a main drawback of the MS camera.
For enough number of protons, the MS camera was found to esti-
mate the beam range correctly, errors being less than 1.2mm, for all
the source locations considered in the present study. Note that the
FOV of the MS camera can be expanded simply by using more de-
tectors. The issue of low statistics for the MS camera could be
addressed by using more protons for each spot (i.e., hypo-
fractionation or using larger spots with more protons) or by
merging the images of neighboring spots.
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