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ABSTRACT

In recent years, the application of positron emission tomography (PET) for the dose range verification of proton therapy has been proposed.
However, the positron distribution is determined by the nuclear reaction cross section; hence, PET may not accurately reflect the dose range
primarily influenced by ionization. Consequently, a proton dose range verification system based on scattered proton measurements has been
suggested owing to the similarity in the reaction cross section between Rutherford scattering and ionization. While previous investigations
have only verified the feasibility of dose range estimation through simple simulations, the objective of this study is to demonstrate this
feasibility through experimental investigation. In this paper, we established an experimental framework for capturing scattered protons and
introduced an algorithm that compares measured signal patterns with a reference database to estimate the dose range. A therapeutic beam
was irradiated onto the abdominal region of a human phantom, and scattered protons were measured using scintillation detectors placed on
the phantom surface. Consequently, the dose range was estimated with error margins of 4.22 # 3.68 and 0.60 = 1.03 mm along the beam axis
and perpendicular directions to the Bragg peak, respectively. While providing the same level of Bragg peak positioning accuracy as
conventional methods, our system features small size, cost-effectiveness, and system simplicity. One notable limitation of our method is the
challenge in achieving precise detector positioning, which is crucial for accurate dose range estimation. Future research will focus on improv-
ing detector-position accuracy and exploring advanced algorithms for signal analysis to further refine dose range estimations.
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Proton therapy, first applied in cancer treatment at the Lawrence
Berkeley Laboratory in 1954," provides more favorable dose distribu-
tion characteristics compared to other radiation treatment modalities
such as photons and electrons. This approach is expected to improve
post-treatment quality of life (QOL) due to less toxicity by reduction
in normal tissue dose. Conversely, the high dose concentration of pro-
ton therapy may lead to significant damage to vital organs close to the
cancer cells due to uncertainties in the dose range. Thus, a dose range
verification system is essential for effectively targeting tumor cells and
enhancing the precision of treatments. In this paper, the proton dose
range in depth is defined as the 80% level (Rg,) of the maximum at the
distal falloff of the Bragg peak in the integrated depth dose (IDD).

To verify the dose range in proton therapy, various verification
methods have been developed and utilized. One method involves mea-
suring annihilation gamma rays produced by the nuclear reactions

between protons and nuclei using positron emission tomography
(PET) after irradiation.”'' While offering detailed insight into the
dose distribution, the time gap can lead to discrepancies due to biologi-
cal processes. To address these challenges, PET imaging inside the
treatment room (in-room PET)'*'” and during the irradiation (in-
beam PET)'*""” have been proposed. However, the positron distribu-
tion does not precisely reflect the proton dose range due to the absence
of a direct physical correlation between nuclear reactions and ioniza-
tion.'® Additionally, other approaches have been developed including
prompt gamma-ray imaging,'”*° Cerenkov light imaging’ *’ or
luminescence imaging,”””' magnetic resonance imaging (MRI),”” and
acoustic wave imaging.”” "’ In addition, focusing on Rutherford scat-
tering, a process with a cross section comparable to ionization, a
method exists to measure the trajectory of scattered proton beams
with a silicon strip detector and calculate the point at which they are
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scattered.”™ A similar concept also exists for measuring secondary

charged particles generated from heavy particle beams; however, the
principle and purpose are different from our proposed system, which
directly detects the scattered protons that are the same as the incident
particles. While these methods may improve the accuracy of dose
range verification, they encounter practical challenges such as high
cost and/or detector complexity. Therefore, a growing demand exists
for an efficient and straightforward verification system that enables the
precise visualization of the proton dose range.

Consequently, the existing research’’ introduced a dose range
verification system measuring scattered protons using scintillation
detectors placed on the body surface and estimates the dose range
using a deep learning model. This system is also characterized by its
compact size, cost efficiency, and simplicity. This simulation study
with a simple-water phantom, an air-layered phantom, and complex
multi-material shapes showcased scattered proton measurement’s
potential for precise dose estimation. Inspired by their diverse simula-
tions, our study moves from theory to empirical validation, aiming to
broaden the scattered proton-based dose range verification’s clinical
applicability.

In this study, the abdominal region of a human phantom was
irradiated with a therapeutic proton beam, and the scattered protons
were measured using scintillation detectors placed on the phantom
surface. For the readout of the signals from these detectors, we
employed a simple integration circuit, a 64-channel analog-to-digital
converter (ADC), and software for data logging. To estimate the dose
range from the obtained signals, we propose a signal similarity
algorithm.

First, we describe the reasons for focusing on scattered protons as
a means of estimating the proton dose range. In general, ionization
dominantly determines the proton dose range within a phantom. This
process is described by the Bethe-Bloch formula, which calculates the
energy loss of a charged particle as it moves, as given in Eq. (1). The
Bethe-Bloch formula quantifies the energy loss per unit length £ of a
charged particle, influenced by the Avogadro’s number N, classical
electron radius r,, electron mass m,, light velocity ¢, absorbing material
density p, atomic number Z, atomic weight of absorbing material A,
incident particle charge z, velocity v, and maximum energy transfer in
a single collision Wy, and is expressed as

dE Z z? 2m, 9?2 Winax )
= ZnNarfmecszF {ln (172) —2p°, (1)

where ff=v/c and y = 1/+/1 — . Equation (1) states that the
energy loss per unit length is directly proportional to E~!. Conversely,
the Rutherford scattering is characterized by the reaction cross section
j—g given as

4o _ 2,0 (mec/Bp)” -

dQ e 4s5int(0/2)°
where z; and z, are the charge numbers of incident and reacted par-
ticles, respectively. In addition, 0 and p represent the scattering angle
and the momentum of the incident particle, respectively. The cross
sections increase proportionally to E~2. The proton energy determines
both the ionization and Rutherford scattering reaction cross sections.
Therefore, the monitoring system for scattered protons has the poten-
tial to precisely estimate the dose range.
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The configuration of the scattered proton monitoring system is
illustrated in Fig. 1, which comprises a 64-channel ADC, a high-
voltage power supply, current-to-voltage (I-V) conversion circuits,
and scintillation detectors. Initially, a 5 x 5 x 3 mm?> CsI(T1) scintilla-
tor was coupled with a 3mm square multipixel photon counter
(MPPC) (C12332-2117; Hamamatsu Photonics) to serve as a scintilla-
tion detector. We selected CsI(T1) scintillation detectors for their large
amount of luminescence, favorable signal-to-noise ratio (S/N), and
cost-effectiveness, aspects crucial for our study’s accuracy and feasibil-
ity. The dimensions of 5 x 5 x 3 mm® were chosen to ensure a balance
between achieving sufficient statistical accuracy and preventing MPPC
saturation due to excessive light emission. Furthermore, this compact
size enables the extensive deployment of detectors across the body sur-
face to enhance the estimation quality. Our experimental comparisons
further confirmed CsI’s superiority in S/N performance over plastic
scintillators. We prepared 62-channel scintillation detectors and 2-
channel monitor samples and placed them on the phantom surface. As
the detector setting, we have employed the stretchable corset equipped
with detectors to ensure both the precise placement of the detector on
the patient’s body and the comfort of the patient. This setup allows the
detectors to be securely attached to the surface of the human body. A
high-voltage power supply (Keithley-2400; Tektronix) was used to
operate the MPPC. The I-V conversion circuits transformed the cur-
rent output from the MPPC into a voltage signal using a straightfor-
ward integration circuit with an integration period of 2ms. These
analog voltages were subsequently digitized using a 64-channel ADC
(AI-1664LAX-USB; CONTEC), and the resultant readout signals were
captured at a frequency of 100 Hz using a computer equipped with data
logging software (C-LOGGER; CONTEC). The position of the detec-
tors is confirmed with neural radiance fields (NeRF),*” which enables
us to model the detector positions in three dimensions accurately.

A therapeutic proton beam was irradiated onto an anthropomor-
phic torso phantom (CTU-41; Kyoto Kagaku) at the Kobe Proton
Center (Hitachi, Japan), as shown in Fig. 1 (right). The phantom repli-
cates anatomical structures and serves as a surrogate for the human
body. The energy of the proton beam was centered at
179.5 = 0.2 MeV, where the error was one sigma uncertainty. The pro-
ton beam was used to deliver an absorbed dose of 1.5 Gy to the abdom-
inal region, simulating prostate cancer treatment. At the iso-center in
air, the spatial distribution of the beam has a full width at half maxi-
mum (FWHM) of approximately 1.0cm and an angular distribution
of about 3.4 mrad. These protons were irradiated in bulk at specified
intervals owing to their acceleration with a synchrotron.

We estimated the proton dose range using a multi-step process as
follows:

i Replicate the experimental configuration on simulation.

ii. Prepare the database with pairs of a dose range and readout
currents.

iii. Cross-reference the experimental data to the database for

dose range estimation.

Initially, the experimental configuration was replicated within a
GATE simulation,”” ™ which is a Geant4’'  based application.
Subsequently, the database was prepared by obtaining pairs of dose
ranges and energy deposits for each detector while varying the center
and energy of the irradiated proton beam. Specifically, the beam center
was shifted in 2 mm increments within a range of £25mm from the
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FIG. 1. Overview of the scattered proton monitoring system in (a) diagram and (b) image. The system components included an ADC, high-voltage supply, |-V conversion cir-
cuits, and scintillation detectors with Csl(Tl) and MPPC. The experimental configuration entailed irradiating a human body phantom with protons while placing detectors on the
surface of the phantom.

prostate region, and the proton energy was varied from 150 to simulation, cosine similarity was selected as the comparison method.
210MeV in 2 MeV increments. As illustrated in Fig. 2, we introduced The same operation was performed for all signal vectors in the data-
a signal similarity algorithm to estimate the dose range from the base. This leads to the identification of the most similar signal vector,
obtained signals. Initially, we prepared the readout signal vector of the S?, as follows:

experimental data Sf at time . Subsequently, S; was compared to each s s

ith signal vector S in the database. Owing to its effectiveness in han- Sd ar g ax EIEE (3)
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FIG. 2. Simplified illustration of our dose
estimation algorithms. Initially, the experi-
mental readout signals S7 at time t are
cross-referenced with the signals con-
tained in a pre-established database. The
dose range corresponding to the signal
exhibiting maximal cosine similarity was
selected as the estimated dose range.
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Consequently, the proton dose D? corresponding to the most similar
signal vector Sf was selected for the estimation dose range.

The experimental results are presented in Fig. 3. Figure 3(a)
presents the readout currents obtained from each detector. Because the
protons are irradiated in the bulk at specified intervals, our monitoring
system captures these intervals with larger signal values indicating the
beam-on time and smaller values signifying the beam-off time. The
data logger, set to 100 Hz, measured the readout signals with an
approximate time resolution of 10 ms. In addition, to enhance statisti-
cal robustness, the signal was averaged over every ten data points,
resulting in an effective time resolution of approximately 100 ms.
Figure 3(b) depicts the readout signal vector at the time indicated by
the red dotted line and that of the ground truth from the GATE simu-
lation. The experimental results exhibit a high degree of agreement
with the ground truth. Figure 3(c) presents the estimated dose distribu-
tion from the readout signal vector. The white dotted line shows the
ground-truth depth of the Rg, and its beam center. Our algorithm esti-
mated an accurate dose distribution with the incident position and
Bragg peak position from the measured signals, as shown in Figs. 3(d)
and 3(e). Subsequently, dose estimation was performed at each time

ARTICLE pubs.aip.org/aip/apl

point, and the discrepancy in the peak position relative to the ground
truth was calculated quantitatively. Consequently, the errors along the
beam axis and perpendicular directions were 4.22* 3.68 and
0.60 * 1.03 mm, respectively.

In this experiment, scintillation detectors were placed on the
phantom surface, and the signals from the MPPC were measured by
integrating all particles without explicitly identifying their type. To
address this constraint, we replicated the experiment on Geant4 and
verified the contribution of protons to the total counts and energy
deposits. Figure 4 shows the proton contribution to the total counts
and energy deposition corresponding to the generation of the ground
truth represented in Fig. 3(c). The IDs of the scintillation detectors are
assigned sequentially from the foot side to the head side along the
beam axis. Figure 4(a) reveals that particles other than protons pre-
dominantly contribute to the number of detector counts, which is
attributed to the higher production rate of gamma rays compared to
scattered protons. Nonetheless, in the majority of detectors, energy
deposition is primarily due to scattered protons. This is because pro-
tons yield more energy per reaction than other particles, as shown in
Fig. 4(b). Conversely, detectors positioned farther from the irradiation

10 FIG. 3. The experimental results are pre-
sented as follows: (a) the time sequence
of the readout signals, (b) the 62-channel
06 readout signal vector at the time indicated
by the red dotted line, and (c) the esti-
mated dose range. The white dotted line
02 shows the ground-truth depth and its
beam center. The projection of the ground
truth and the estimated dose for (d) the
beam axis and (e) its perpendicular direc-
tion are also illustrated.
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FIG. 4. The proton contribution (a) to total counts and (b) to total energy deposits in each detector.

area exhibit a similar proportion of energy deposition from protons
and other particles since the probability of detecting scattered protons
in these regions is lower.

Subsequently, to assess the estimation quality under various con-
ditions, we altered the proton-beam energy and position in a system-
atic manner. The energy levels were set to 159.9, 179.5, and
201.4 MeV, and the positions were adjusted to center —1 cm, center,
and center +1 cm. Figure 5 illustrates both the ground truth and the
corresponding estimated dose range for each distinct condition. Under
all conditions, the estimated ranges closely approximated the ground-
truth positions. Nevertheless, the estimated ranges tend to appear in
front of the ground truth. The number of protons leaking from the
phantom surface was larger at higher irradiated proton energies.
Consequently, the measurement signals had fewer errors for higher
energy protons and more pronounced errors for their lower energy
counterparts. Thus, the estimated ranges tend to appear on the front
side owing to the increased signal similarity observed at lower energies.
In addition, the dose range error tends to decrease as the beam irradia-
tion position approaches the phantom surface. The number of scat-
tered protons that can be measured is increased by reducing the
distance between the beam and the detector. Moreover, the energy
deposit per detected proton is also larger owing to the reduction in
proton energy attenuation within the phantom. Thus, the statistical

© Ground truth
o Estimated

159.9MeV 179.5MeV  201.4MeV

&
i

110 130 150
X (mm)

FIG. 5. Proton dose range (Rgp) estimation at varied energies and positions.
Energies (159.9, 179.5, 201.4 MeV) and positions (center =1 cm) were tested, with
the blue and red points indicate ground truth and estimates, respectively.

error is expected to decrease as the beam irradiation position
approaches the phantom surface. Consequently, the scattered proton
monitoring system is potentially more useful for practical applications
involving treatments close to the human body surface.

Concerning the radiation hardness of CsI and MPPC, we are
aware of the potential for long-term degradation of the MPPC due to
the absorbed proton beam radiation. As for the crucial prior, our scin-
tillation detectors are designed for cost-effectiveness and disposability,
allowing replacements per patient to mitigate long-term degradation
concerns. For prostate treatments, the beam delivers approximately
1.5 Gy, with MPPC damage estimated at around 15 mGy. In addition,
proton irradiation of 2.8 Gy increased the dark current by a factor of
about 30 in the operation voltage.” The S/N of the current measure-
ment system is about 1.0 x 10* on average, with a minimum of about
40, thereby about tens of measurements are theoretically acceptable.
Furthermore, CsI’s luminescence reduces only by 20% after 175 Gy,
indicating minimal degradation suitable for proton therapy monitor-
ing. In fact, our system irradiated several treatment beams without S/N
degradation.

Subsequently, we compared the proposed verification system
with other range verification modalities, including PET, prompt
gamma imaging, and acoustic wave monitoring. Due to the lack of
data on conventional methods verifying proton beam monitoring
under the same conditions, the comparisons in this study are primarily
conceptual and based on the general performance characteristics, such
as accuracy, complexity, and real-time performance, that have been
reported separately for each method in previous studies. In PET imag-
ing, the annihilation gamma rays emitted from St radionuclides are
measured after irradiation. Major targets, such as 150 and "'C, have
longer half-lives, complicating real-time measurements. The estimated
accuracy is approximately 1 mm or less.”™”” A challenge with PET is
that the reaction cross sections for dose delivery and nuclear reactions
differ, which means PET measurements may not directly correspond
to the dose distribution. Prompt gamma imaging measures prompt
gamma rays emitted during the de-excitation of nuclei excited by pro-
ton interactions. These gamma rays are emitted in real-time, and the
production distribution of 4.4 MeV gamma rays from '*C* coinciden-
tally almost reflects the Bragg peak.”* However, measuring several
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MeV gamma rays presents difficulties. Techniques using knife-edge
single slits have achieved an estimated performance of about 2 mm,
but challenges remain due to low statistics and noise from secondary
particles created by collimators.”’ Furthermore, Compton cameras
have reached an accuracy of approximately 3 mm, though they strug-
gle with pileup in clinical beams.”® The acoustic method calculates the
Bragg peak position by analyzing the time difference between two
types of macroscopic pressure waves generated during proton therapy.
It offers high real-time capability and has achieved 1.4 mm accuracy in
simulation.” Since this method measures pressure waves, it does not
suffer from pileup and exhibits high rate tolerance. However, variabil-
ity in propagation speed between muscle and fat can potentially
degrade accuracy, and measuring in clinical beams is challenging due
to the weakness of the pressure waves. Our proposed method measures
scattered protons using detectors placed on the body surface. As it
measures the scattered components of the incident proton beam, it
achieves real-time performance and has demonstrated an accuracy of
approximately 4.3mm in experimental data. The simplicity of the
readout system, which converts signals from MPPCs to current values,
contributes to its high rate tolerance. While currently less precise in
determining the Bragg peak position compared to PET monitoring, its
compactness and simplicity make it well-suited for the real-time
approximation of dose distribution. Additionally, the integration of
deep learning models offers potential for further accuracy
improvements.

Finally, we discuss the quality-limiting factors in our monitoring
system, focusing specifically on the accuracy of detector positioning. In
our experimental configuration, these detectors were placed on the
phantom surface to measure scattered protons. To accurately replicate
these detector positions in the simulation, a three-dimensional model
was reconstructed using NeRF based on images captured from various
angles. However, when incorporating these detector positions into the
GATE simulation, minor misalignments between the relative positions
of the detectors and the human phantom may occur, with deviations
in the order of millimeters. Such a misalignment may limit the accu-
racy of dose estimation. To enhance the estimation performance, a via-
ble solution involves the application of augmented reality (AR)
markers to each detector. This innovative approach facilitates the pre-
cise determination of detector positions, thereby reducing positional
discrepancies and potentially improving the overall accuracy of the
monitoring system.

In this study, we irradiated the abdomen of a human phantom
with a therapeutic beam and captured the scattered protons using a
scintillation detector placed on the phantom surface. Subsequently, we
determined the dose range from the measured signals using our data-
base and the signal similarity algorithm. This method achieved the
dose range estimation with error margins of 4.22 = 3.68 mm along the
beam axis and 0.60 = 1.03 mm in its perpendicular directions. Our
future objective is to enhance the estimation performance by refining
the accuracy of the detector-position measurements and optimizing
the placement of the detectors. In addition, we utilized a human phan-
tom that negated the need to account for organ movement due to
breathing. This simplified model allowed us to focus on the core
aspects of our radiation imaging technology without the added com-
plexity of respiratory motion. In future aspects, we plan to integrate
AR markers for real-time detector tracking and adopt breath-hold
techniques®”®" to control patient motion.
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