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a b s t r a c t

The maximum dose delivery at the end of the beam range provides the main advantage of using proton
therapy. The range of the proton beam, however, is subject to uncertainties, which limit the clinical
benefits of proton therapy and, therefore, accurate in vivo verification of the beam range is desirable. For
the beam range verification in spot scanning proton therapy, a prompt gamma detection system, called
as gamma electron vertex imaging (GEVI) system, is under development and, in the present study, the
performance of the GEVI system in spot scanning proton therapy was predicted with Geant4 Monte Carlo
simulations in terms of shift detection sensitivity, accuracy and precision. The simulation results indi-
cated that the GEVI system can detect the interfractional range shifts down to 1 mm shift for the cases
considered in the present study. The results also showed that both the evaluated accuracy and precision
were less than 1e2 mm, except for the scenarios where we consider all spots in the energy layer for a
local shifting. It was very encouraging results that the accuracy and precision satisfied the smallest distal
safety margin of the investigated beam energy (i.e., 4.88 mm for 134.9 MeV).
© 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

In proton therapy, most of the proton dose is focused at the end
of the beam range, which makes proton therapy to be more
attractive treatment modality compared to other conventional ra-
diotherapies using photons and electrons. The range of the proton
beam in the patient, however, is highly sensitive to errors such as
anatomical inhomogeneity, anatomical change between fractions,
and patient mispositioning. Furthermore, the prediction of the
range also can be easily varied by CT conversion uncertainty, RBE
variations, etc. [1]. Therefore, the patient safety is currently secured
by using the safety margin and restricting the choice of beam an-
gles [2], which consequently limits the clinical benefits of proton
therapy. To fully exploit the clinical benefits of proton therapy,
therefore, the proton range uncertainty should be minimized.

As an important methods to reduce beam range uncertainties,
monitoring of beam range in the patient, so-called in vivo range
verification, has been investigated using several modalities: ion-
by Elsevier Korea LLC. This is an
induced ultrasounds [3], spine MRI changes [4], secondary elec-
tron bremsstrahlung (SEB) [5], positron emission tomography (PET)
[6], prompt gamma (PG) [7], etc. Among these modalities, PG
detection has been pursued as promising due to the direct and
instantaneous perception of the beam range [2,8e10], and
accordingly, several PG detection systems have been proposed and
developed based on different concepts: mechanical collimation
[7,11,12], Compton imaging [13], prompt gamma timing (PGT) [14],
prompt gamma peak integral (PGPI) [15], prompt gamma spec-
troscopy (PGS) [16], etc. These PG detection systems are gradually
approaching the clinical use, and recently, knife-edge slit camera
which employs the mechanical collimationwas reached the clinical
application [17,18].

In this context, we proposed a new PG detection concept, called
‘gamma electron vertex imaging (GEVI),’ aiming at application to
spot scanning proton therapy [19]. In the GEVI method, the PGs
from the proton interactions in the patient are converted to elec-
trons by Compton scatterings in a thin beryllium plate, called as
electron converter, and the Compton-recoiled electrons are sub-
sequently traced by two hodoscopes and a calorimeter to identify
the locations of the vertices of proton interactions in the patient.
The main advantage of a GEVI system is that it does not require a
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Fig. 1. GEVI system, PMMA phantom, global range shifting plate, and cubic target volume modeled in Geant4 Monte Carlo simulation. This example is for simulation of global range
shifting for cubic target volume.

Fig. 2. Location of PMMA plate for local shift for cubic (left) and spherical (right) dose distributions.
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massive collimation system and, therefore, can be made very light
and compact. The GEVI method also provides a two-dimensional
image, which might be useful in further verification of the treat-
ment. Recently, a prototype of the GEVI system was constructed
and its performance was evaluated for therapeutic proton beams
[20]. These studies generally demonstrated the feasibility of the
GEVI system, but the performance of the GEVI system was evalu-
ated only for single-spot cases.

In the present study, the performance (i.e., shift detection
sensitivity, accuracy and precision) of the GEVI system in spot
scanning proton therapy was predicted for multi-spot cases by
using Geant4 Monte Carlo simulations, and the results were
analyzed with statistical hypothesis tests such as one-way ANOVA
tests and one-sample t-tests. For this study, spot scanning proton
treatments for two simple shapes (i.e., cubic, spherical) of dose
distribution in a cubic polymethyl methacrylate (PMMA) phantom
2214
were planned with a treatment planning system, and the results
were used to simulate the treatment with Geant4, considering both
global and local shifting scenarios.
2. Materials and methods

2.1. GEVI system

The GEVI system consisted of an electron converter
(200 mm (W) � 100 mm (H) � 10.8 mm (T) beryllium plate), two
hodoscopes (100 mm (W) � 50 mm (H) � 150/300 mm (T) double-
sided silicon strip detectors, DSSDs), a calorimeter
(160 mm (W) � 85 mm (H) � 25 mm (T) plastic scintillation de-
tector) and related signal processing and data acquisition systems.
In the electron convertor, the PGs are converted to electrons by
Compton scatterings. Two hodoscopes, subsequently, trace the



Fig. 3. Map of interfractional range shifts in the beam's eye view for spherical dose distribution estimated from Geant4 Monte Carlo simulations for the shifting scenarios. Spot sizes
are proportional to the number of protons. The areas of local shift are marked with the black line. For each energy layer, the layer-averaged range shifts ± standard deviations (1s)
are given.
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Fig. 4. Map of interfractional range shifts in the beam's eye view for cubic dose distribution estimated from the simulation of the GEVI system for the shifting scenarios considered
in the present study. Spot sizes are proportional to the number of protons. The areas of local shift are marked with the black line. For each energy layer, the layer-averaged range
shifts ± standard deviations (1s) are given.
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Fig. 5. Distribution of interfractional layer-averaged range shifts for spherical dose distribution (top) and cubic dose distribution (bottom). Significant differences as results of
statistical hypothesis tests are marked with asterisks (gray for ANOVA tests and black for one-sided t-tests).

Table 1
Overall accuracy and precision for range shifting scenarios.

Range Shift Scenario Accuracy [mm] Precision [mm]

No Shift 0.01 0.39

Global Shift 11.8 mm 0.53 0.58
8.2 mm 0.22 0.62
5.9 mm 0.45 0.52
3.5 mm 0.23 0.49
1.2 mm 0.13 0.40

Local Shift
(All Spots)

11.8 mm 8.24 1.70
8.2 mm 5.34 1.29
5.9 mm 4.18 0.90
3.5 mm 2.46 0.72
1.2 mm 0.79 0.45

Local Shift
(Shifted Area Only)

11.8 mm 2.71 0.93
8.2 mm 1.55 0.66
5.9 mm 1.86 0.46
3.5 mm 0.85 0.41
1.2 mm 0.40 0.39
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trajectories of the electrons, and the calorimeter measures the
energy of the electrons. Detailed information on the GEVI system
can be found elsewhere [20,21].

2.2. Treatment planning

Spot scanning proton treatment was planned for two simple
dose distributions (i.e., cubic and spherical) in a cubic homoge-
neous PMMA phantom (150 � 150 � 150 mm3). The treatment
planning was conducted by using the Eclipse 13.7 treatment
planning system (Varian Medical Systems, Palo Alto, CA) with
relative biological effectiveness of 1.1 and range uncertainty margin
of 3.5%þ 1mm. For the cubic dose distribution, a 50� 50� 50mm3

cubic target volume was defined in the PMMA phantom and 1 Gy
2217
field dose was assumed to be delivered to the target volume, using
total 12 energy layers ranging from 115.8 MeV to 149.1 MeV. For the
spherical dose distribution, a spherical target volume of 80 mm
diameter was defined in the PMMA phantom and 1 Gy field dose
was assumed to be delivered to the target volume using total 18
energy layers from 104.8 MeV to 154.8 MeV. The isocenters of both
dose distributions were located 50 mm away from the phantom
center (0, 0, 50 mm).

2.3. Monte Carlo simulation

The measurement of PGs using the GEVI system was simulated
with a Monte Carlo simulation toolkit, Geant4 (ver.10.04.p02) [22].
Fig. 1 shows the Geant4 model of the GEVI system in place to
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measure the PGs from the PMMA phantom. In simulations, the spot
scanning proton beams were delivered to the target volume in the
PMMA phantom. The distance between the GEVI system and the
target volume was 70 mm, and the system was positioned at the
middle of the beam ranges of the distal six energy layers (i.e.,
121.5 mm for cubic dose distribution and 130.2 mm for spherical
dose distribution). For the distal six energy layers, the average
numbers of protons per spot were 2.56 � 107 and 1.62 � 107 for
cubic and spherical dose distributions, respectively. For hadronic
physics process, we used the QGSP_BIC_HP modular physics list
which is recommended for medical applications [23]. The cut
values for proton, gamma, electron, and positron were set as
1.0mm. The geometry of beam nozzlewas notmodeled, instead the
proton pencil beam was irradiated 60 cm away from the isocenter
with considering the beam spread and struggling.

2.4. Considered range shifts

Interfractional range shifts were simulated by placing a PMMA
range shifting plate in the path of the proton beam. The shifts were
classified into two groups: global and local shifts. To introduce a
global shift, a large PMMA plate (150 � 150 mm2) were placed on
the proximal side of the phantom so that all spots in the target
volume are affected by the plate (see Fig. 1). To introduce a local
shift, a small PMMA plate was placed on the proximal side of the
phantom so that only some portion of the spots in the target vol-
ume are affected by the plate. For the cubic dose distribution, a
small square plate (25 � 25 mm2) with varying thickness was
placed at the center of the isocentric axis (see Fig. 2, left) to affect
the spots at the central part of the target volume. For the spherical
dose distribution, a small disk plate of 60 mm diameter with
varying thickness was placed at 30 mm away from the isocenter
(see Fig. 2, right). The thicknesses of the PMMA range shifting plate
were 1, 3, 5, 7, and 10 mm, which correspond to 1.19, 3.52, 5.88,
8.24, and 11.75 mm range shifts, respectively. Furthermore, the
proton ranges without the range shifting plate (i.e., no shift sce-
nario) were also verified to prove the feasibility of the GEVI system.

2.5. Estimation of range shifts

The range shift detection is very sensitive to Poisson noise in the
PG distribution, and a better precision can be achieved by using a
larger number of protons. To improve PG statistics, therefore, it was
assumed that neighboring spots in a given energy layer are
aggregated with two-dimensional Gaussian smoothing
(s¼ 7.8 mm)where each spot is substituted by the sum of the spots
in neighbor, including itself, based on the Gaussian-weights on
their respective distance and their proton number [24,25]. This
approach, called as spot aggregation, improves statistics at the cost
of degradation in lateral spatial resolution. In the present study, the
Gaussian-weighted aggregationwith 7.8mm swas used, which has
only a limited impact on lateral spatial resolution [18].

For each spot, interfractional range shift was analyzed by
comparing two GEVI images (i.e., with and without shift). For each
GEVI image, a projection image was produced by projecting the
GEVI image on the X axis of the image which is parallel to the beam
direction. The centroid of the projection image was then calculated
using Equation (1) for two GEVI images (i.e., with andwithout shift)
for each spot, and the difference of the two centroids is considered
as the amount of range shift.

Centroid¼
P

hxxP
hx

; (Eq. 1)

where hx is the number of counts at position x on the X axis.
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2.6. Statistical hypothesis tests

Statistical hypothesis tests were applied to the estimated range
shifts [24]. To see if the different interfractional range shifting
scenarios are distinguishable from one another, one-way ANOVA
(analysis of variance) tests were used. One-way ANOVA test is
widely used in the analysis of difference between more than two
categories of data. For the ANOVA test, in the present study, the null
hypothesis was that the difference between the shifting scenarios is
not statistically significant. Additionally, the differences of each
shifting from zero shifting were tested with one-sample t-tests in
order to estimate shift detection sensitivity. One-sample t-test is
generally applied to test whether a population mean is significantly
different from some hypothesized value. For the t-test, in the pre-
sent study, the null hypothesis was defined as no difference be-
tween the population mean of shifting scenarios and zero. The p-
values resulting from the hypothesis tests were compared to the 5%
significance level, and the null hypothesis was rejected only when
the p-value is lower than the significance level. All statistical hy-
pothesis tests were conducted using SPSS 25 (IBM, Armonk, NY).

3. Results and discussion

Figs. 3 and 4 show the maps of the interfractional range shifts in
the beam's eye view, for spherical and cubic dose distributions,
respectively, which were estimated from Geant4 simulations for
the shifting scenarios. In the range shift maps, the estimated range
shifts are presented in their spot positions, and the spot sizes are
proportional to the number of protons. For the local shifts, the
shifted area is marked with a black line. For each map, the layer-
averaged range shifts and their standard deviations (1s) are also
given; for the local shifts, the layer-averaged range shifts were
calculated in two ways: (1) using all spots in the energy layer and
(2) using only the spots affected by the range shifting (i.e., in the
black line).

For the no shifting and global shifting scenarios, the introduced
shifts were clearly observed in all energy layers. Most of the eval-
uated range shifts were within 1 mm error. However, relatively
larger statistical fluctuations were found in the proximal energy
layers. From the most three distal energy layers, the standard de-
viations were lower than 1 mm, whereas for the most three prox-
imal layers, the standard deviations were larger than 1 mm. It was
mainly due to smaller number of protons delivered to the spots in
the proximal energy layers. For the local shifting scenarios, the
range shifts were estimated with lower accuracy and precision
compared to the no shifting and global shifting cases. The errors
were as large as a fewmillimeters. Nevertheless, significantly better
results were obtained if only the shifted area was considered.
However, the evaluated local shifts still suffered from low accuracy
because the shifted and non-shifted ranges were mixed after the
spot aggregation especially near the shift boundary (i.e., range
mixing effect).

Fig. 5 shows the box plots of the distribution of estimated
interfractional layer-averaged range shifts with the results of sta-
tistical hypothesis tests. For the no shifting and global shifting
scenarios, the estimated range shifts tend to be close to the true
shifts. Considering the average values, the maximum errors were
about 1.15 and 2.14 mm for the 10 mm shifting scenario in the
spherical and cubic dose distributions, respectively. For the local
shifting scenarios, when we consider all spots in the energy layers,
the estimated layer-averaged range shifts show very large errors
when compared to the results of the global shifting scenarios. The
maximum errors were as large as ~8 mm for the 10 mm shifting
scenarios. However, the errors were found to be significantly
decreased whenwe considered only the spots affected by the range
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shifting.
For each statistical hypothesis test, the significant differences

(i.e., differences from other shifting scenarios and from zero shift-
ing for ANOVA tests and one-sided t-tests, respectively) are marked
with an asterisk: gray for ANOVA tests and black for one-sided t-
tests. For the global shifting scenarios, the results of the ANOVA
tests show that the differences between the results of the global
shifting scenarios were all statistically significant, which shows
that all global shifting scenarios were distinguishable from one
another. For the local shifting scenarios, ANOVA tests were per-
formed only for the scenarios where we consider only the spots
which were affected by the local shifting (i.e., using the spots in the
black line). The results again show that the differences between the
results of the local shifting scenarios were all statistically signifi-
cant, which shows that all local shifting scenarios were distin-
guishable from one another. One-sided t-tests were performed for
all shifting scenarios, and the results show that all shifting sce-
narios, expect no shift, were differed significantly from zero shift-
ing, which indicates that the interfractional range shift can be
detected down to 1 mm, even if the local shifted area is unknown.

Table 1 shows the overall accuracy and precision for all inves-
tigated scenario cases. The accuracies were calculated as the dif-
ference between the estimated range shift and the true shift (¼
introduced shift), and the precisions were calculated as 1.5 times of
the standard deviation (s). Note that this 1.5 s is used to compare
with the distal safety margin [1]. In Table 1, for the no shift and
global shift scenarios, both accuracies and precisions were
acceptable with the difference smaller than 1 mm. The results
showed that a high performance of the GEVI system can be ex-
pected especially for no shifting and global shifting cases. For the
local shift scenarios, relatively low accuracies and precisions were
found for both all spots and shifted area only. The accuracy and
precision were increased with the shifting magnitude, which was
mainly due to range mixing effect, originated from the spot ag-
gregation, near the local shift boundary. More significant range
mixing occurred for larger range difference between the shifted
and non-shifted spots, and this increased accuracy and precision of
the local shifts. Meanwhile, the precisions were less than 1.70 mm
for all cases; furthermore, they came to be smaller than ~1 mm if
the shifted area was known (i.e., no shift, global shifts, and local
shift for shifted area only). These precision results were very
encouraging for reduction of the range uncertainty, because the
current distal safety margin is much larger than the precision of
GEVI system. It should be noted that the smallest distal safety
margin in the present study was 4.88 mm for 134.9 MeV by using
the ‘3.5% þ 1 mm’ calculation. The distal safety margin is expected
to be reduced if proton beam range is precisely monitored by the
GEVI system.

4. Conclusion

In the present study, the performance of the GEVI system in spot
scanning proton therapy was predicted by Geant4 Monte Carlo
simulations. Two simplified cases of spot scanning proton treat-
ment were considered, and several interfractional range shifts were
introduced to the treatment cases assuming that the patient
anatomy was changed between two neighboring fractions. The
simulation results showed that the GEVI system can detect the
interfractional range shifts down to 1 mm shift for the cases
considered in the present study. The results also showed that both
the accuracy and precision are less than 1e2 mm except for the
local shift (all spots) cases, whichwas very encouraging considering
that it is significantly lower than the smallest distal safetymargin of
the investigated beam energy (i.e., 4.88 mm for 134.9 MeV from the
‘3.5% þ 1 mm’ calculation). The results of the present study
2219
generally indicated that the GEVI system is a very promising system
for in-vivo range verification in proton therapy.
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