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Abstract

Background: Applying ultra-high dose rates to radiation therapy, otherwise known as FLASH,
has been shown to be just as effective while sparing more normal tissue compared to conventional
radiation therapy. However, there is a need for a dosimeter that is able to detect such high
instantaneous dose, particularly in vivo. To fulfill this need, protoacoustics is introduced, which is
an in vivo range verification method with submillimeter accuracy.

Purpose: The purpose of this work is to demonstrate the feasibility of using protoacoustics as
a method of in vivo real-time monitoring during FLASH proton therapy and investigating the
resulting protoacoustic signal when dose per pulse and pulsewidth are varied through multiple
simulation studies.

Methods: The dose distribution of a proton pencil beam was calculated through a Monte Carlo
toolbox, TOPAS. Next, the k-Wave toolbox in MATLAB was used for performing protoacoustic
simulations, where the initial proton dose deposition was inputted to model acoustic propagations,
which were also used for reconstructions. Simulations involving the manipulation of the dose per
pulse and pulsewidth were performed,and the temporal and spatial resolution for protoacoustic
reconstructions were investigated as well. A 3D reconstruction was performed with a multiple
beam spot profile to investigate the spatial resolution as well as determine the feasibility of 3D
imaging with protoacoustics.

Results: Our results showed consistent linearity in the increasing dose-per-pulse, even up to
rates considered for FLASH. The simulations and reconstructions were performed for a range

of pulsewidths from 0.1 to 10 zs. The results show the characteristics of the proton beam

after convolving the protoacoustic signal with the varying pulsewidths. 3D reconstruction was
successfully performed with each beam being distinguishable using an 8 cm x 8 cm planar array.
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These simulation results show that measurements using protoacoustics has the potential for in vivo
dosimetry in FLASH therapy during patient treatments in real time.

Conclusion: Through this simulation study, the use of protoacoustics in FLASH therapy was
verified and explored through observations of varying parameters, such as the dose per pulse and
pulsewidth. 2D and 3D reconstructions were also completed.This study shows the significance of
using protoacoustics and provides necessary information, which can further be explored in clinical

settings.
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INTRODUCTION

Cancer is a disease that results in the death of over a half million of people globally each
year, making it stand as the second leading cause of deaths.! One of the major treatment
modalities is radiation therapy, which has been developed and clinically applied for nearly
a century.? However, the toxicity and side effects that occur with prolonged treatment can
prove to be detrimental to a patient’s health as the surrounding normal tissues around the
tumor begin to receive damage as well.3 In a study by Favaudon et al., applying ultra-high
dose rates (also termed FLASH) in radiation therapy resulted in clinical outcomes just as
effective as conventional radiation dose rate, but with far less severe damage to the normal
tissues, as the treatment delivery time is being decreased to less than a second.? Current
literature has defined FLASH as dose rates that are greater than 40 Gy/s, which is 400
times greater than conventional radiation therapy dose rates (~0.01-0.4 Gy/s).>6 Such high
dose rates are already observed in the clinic, although this is typically done using pencil
beam systems (PBS).”:8 Due to the high tissue sparing, FLASH radiotherapy has gained
particular interest in radiobiology studies and current treatment machines are furthering their
technology to be able to implement it. A variety of preclinical studies have been performed
demonstrating the benefits of FLASH compared to conventional therapy.®-11

However, despite the benefits of FLASH, finding a radiation dosimeter capable of detecting
such high instantaneous dose or dose rates has proven a difficult task.12 With FLASH
progressively becoming an area that many wish to progress into clinical settings, there is a
higher demand for safer and efficient quality assurance methods.13 Current detectors require
the use of correction factors due to the saturation effects that occur due to ultra-high dose
rate (UHDR).Therefore,there is a significant need from the scientific community to identify
the best solution and approach for UHDR dosimetry.>:14

Several dosimeters have been explored for FLASH purposes already.14-17 lon chambers (IC)
have been incorporated in FLASH studies. However, to account for the high instantaneous
dose rates seen in FLASH, a correction factor needs to be applied to correct for ion-
recombination to use 1Cs. Along with saturation and poor temporal resolution (~ms), 1Cs

do not make to be ideal real-time dosimeters. Chemical dosimeters such as Alanine have
been used for FLASH purposes.Dose-rate independence with this dosimeter type is high

(3 x 1010 Gy/s).18 However, doses lower than 2 Gy cannot be measured, and real-time
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measurements are not possible.19 Within chemical dosimeters, radiochromic film has also
been explored in FLASH settings with success due to its dose-rate independence. However,
the measurements cannot be performed in real-time, and readings are done offline. Several
luminescent detectors, such as Thermo-luminescent Dosimeters (TLD) and Fluorescent
Nuclear Track Detectors (FNTD) have been used in FLASH studies, both shown to have
excellent dose-rate independence and large dynamic ranges.2%-19 However, there is still a
lack of real-time readout for these methods as well.

High imaging speed and no saturation at higher dose rates are important for achieving real
time, in vivo dosimetry for FLASH during patient treatment. Radiation-induced acoustics
is a novel alternative technology that shows promise for in vivo FLASH dosimetry. The

use of acoustic signals as a method of monitoring and verification has been studied since
1991 during proton and ion therapy and is shown to be a feasible technique for real-time
monitoring.21-23 This method of using such thermoelastic pressures upon proton irradiation
was coined as protoacoustics. Protoacoustics is an in vivo range verification method which
measures the proton range based on the time of flight within submillimeter accuracy.?4~

29 This is considered to be possible as the dose deposition can be reconstructed using

these pressure waves.30 It provides many benefits over other dosimetry tools because of its
improved spatial resolution.31:32 |t is also possible to avoid the problem of saturation, which
is a great issue within proton FLASH therapy. Because of its great benefits, protoacoustics
is already being used in preclinical studies.33 Protoacoustics has shown great potential in
dosimetry for conventional proton therapy.2” However, there are limits that remain unclear,
such as whether the linearity between protoacoustic signal strength and proton dose holds
in the FLASH regime.Additionally, it is important to understand how pulse variation would
affect protoacoustic signals in clinical proton machines.

Previous studies involving simulations and measurements on an electron beam with FLASH
properties (>40 Gy/s) have been investigated before using a modified linac. The paper from
Sunbul et al. investigated the simulation workflow for ionizing radiation acoustic imaging
(iRAI).34 Various characteristics, such as the pulse duration and linearity, were investigated
to show the potential iRAI has for in vivo dosimetry in FLASH. Linearity in the FLASH
regime for electron therapy has also been demonstrated experimentally.3® Oraiqat et al.
demonstrated dose measurements with the use of a dual ultrasound and iRAI system.35
However, electron therapy is limited to superficial radiotherapy. In contrast, our research
aims to investigate the potential of protoacoustic imaging to monitor proton FLASH therapy
for deep-seated tumors in a clinical setting.

To the best of our knowledge, this is the first simulation paper which investigates the
parameters and characteristics of protoacoustics under FLASH therapy conditions. The
characteristics and guidelines for FLASH are still not well defined,as the main contributing
factors for this phenomenon are not standardized. Thus, we have performed simulations

to observe the resulting protoacoustic signal for varied dose per pulse and pulsewidths
achieved by current FLASH proton sources and studied the effects of these parameters on
the reconstructed single beam dose maps. Within proton therapy, there are also techniques
that incorporate the use of multiple small beam spots. Many of these are classified under
the concept of spatially fractioned radiation therapy (SFRT).36 LATTICE radiation therapy
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(LRT) also falls under SFRT, and has been used in over 150 patients.3” Because of the
growing interest for this area of therapy,we also explore the reconstruction of such a case via
protoacoustics.

Protoacoustics has shown great potential in dosimetry for conventional proton therapy.38
However, there are limits that remain unclear, such as whether the linearity between
protoacoustic signal strength and proton dose holds in the FLASH regime. Several
proton machines have been modified to produce FLASH by varied dose per pulse and
puplsewidth.3940 Therefore, characterizing the protoacoustic signal with these different
parameters is essential in order to apply them to these clinical proton machines.
Additionally, it is important to understand how pulse variation would affect protoacoustic
signals, both in clinical proton machines and novel proton sources, such as laser-driven
proton sources.

MATERIALS AND METHODS

2.1| The protoacoustic effect—The initial acoustic pressure (pg) can be related to the
dose deposited (D) through the equation:

P,=TIpD,

@

where I represents the Gruneisen coefficient, a dimensionless parameter and p is the density
for water.

The propagation of the protoacoustic waves can be described by the thermoacoustic wave
equation®!:

2
2 — 1 0 — p o, —
Vop(r,t)— —=p(r,t)= —5—="H(r,1),
p(r 1) Ufazzp( C, ot (r,n

@

where H(7 , 1) is the heat deposition at point 7 and time t, v is the speed of sound in
medium, Bis the thermal expansion coefficient, and C; is the specific heat capacity.42

The pressure wave equation can be simplified by assuming that each individual proton
pulse deposits the heat energy instantaneously. Therefore, the protoacoustic measurement
will reveal (1) the proton Bragg peak (BP) location during the dose delivery and (2) the
dose amount deposited to the target volume, which can be reconstructed using tomographic
reconstruction algorithms.The workflow behind FLASH proton therapy is explained further
in Figure 1.

2.2 | Acoustic propagation and proton transport simulations—All acoustic
propagation simulations were completed using the k-Wave toolbox in MATLAB.43 K-Wave
is a simulation and reconstruction toolbox that can model photoacoustic wave fields. Using
k-Wave, the parameters for the initial acoustic pressure were predefined, with I' = 0.11 and
p = 1000 kg/m3, which are measured values in distilled water.444> The proton pencil beam
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dose distributions were modeled using TOPAS (Toolkit for Particle Simulation) version
3.1.2.48 TOPAS is a Geant4 simulation extension toolkit which can model X-ray and particle
therapy. It can allow the user to edit material composition and beam parameters to obtain
proton beam range or stopping power as reported in PSTAR database or NIST tables.#” The
beam spot size was set to sizes from 1.0 to 3.0 mm along with several shifts in X-Y plane
position. A water phantom geometry was used for collecting the dose deposition. The water
phantom dimensions were 8 cm x 8 cm x 30 cm with a 0.5 mm resolution per voxel. The
3D grid resolution used was 0.5 mm voxels. The simulated dose distribution is obtained as a
table file which is sent to MATLAB as input for the k-Wave simulation.

2.3 | Simulation 1. Variation of dose per pulse—The first set of simulations
consisted in varying the dose per pulse between 0.2 and 20 cGy/pulse. Pulsewidth was

kept constant at 4 /5. The same Gaussian pulse shape was used for convolutions for each of
the dose per pulse simulations. All of the simulations performed were in 3D with 0.5 mm
resolution using a 200 MeV proton beam simulated in TOPAS. A5 cm x 5 cm 16 x 16 grid
planar array was used as the detector and placed 5 cm past the center of the Bragg peak.To
provide more realistic results,noise was added to the signals.This was completed by using
the “‘awgn’ function in MATLAB. The function offers the flexibility to add white noise based
on the simulated protoacoustic signal strength, which is proportional to the dose per pulse.

2.4 | Simulation 2. Variation of pulsewidths—The second set of simulations were
completed by varying the pulsewidth between 0.1 and 20 /s at a constant dose rate of 5
cGyl/pulse. The pulsewidths used for the simulations are well within thermal confinement,
and were verified using the equation for thermal relaxation time:

d

Ty = 4D,

©)

‘d;’ is the desired spatial resolution, and ‘D’ is the thermal diffusivity. The value for Dt is
2

~0.114 % for soft tissue,while d; was around 1 mm, which is the smallest beam size that

was used for the simulations.*8

Similar to Simulation 1, the same dimension planar array was used as the detector and

the 200 MeV proton beam was implemented.To vary the pulsewidth,a Gaussian pulse was

convoluted with the acoustic pressure signal. The following equation for the Gaussian pulse
was used:

32
ootz 7]
[

©

where g refers to the position of the center of the pulse and o refers to the Gaussian RMS
width.
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2.5| Simulation 3. 2D Reconstruction of varied pulsewidths—The third set of
simulations included 2D time-reversal reconstructions for each of the varied pulsewidths. A
circular sensor with a 3 cm radius and 128 detector points was used and placed concentric
to the BP volume and in the BP plane. The layout for this setup is shown in Figure 2(a).
The total time for pressure traces was 70.7 /s for the time-reversal reconstruction. The
sampling frequency used was 20 MHz, and the number of samples during this time was
1415. The measurement data were generated at a grid with higher resolution (0.5 mm) and
the time-reversal reconstructions were evaluated at a relatively coarser grid (0.4 mm).

2.6 | Simulation 4. 3D reconstruction of 9 microbeam profile—A 150 MeV

9 beam spot proton profile (mimicking SFRT) laid out in a 3 by 3 grid was created in
TOPAS. Each beam was 1 mm in size with 1 cm separation. A 3D simulation assuming an
impulse heating pulse (&-pulse) and a 3D time-reversal reconstruction were completed for
measurements generated at an 8 x 8 cm (16 x 16 elements) planar array placed 5 cm behind
the BP. The reconstructions were also performed for the measurements corresponding to 1,
2, and 4 /s pulsewidths. To characterize the reconstructions, Gaussian fitting was performed
for to obtain each of their full width at half maximum (FWHM) as well as the peak
reconstructed doses. The FWHMs of the reconstructed beamlets from the fitted Gaussian
RMS widths (o) were evaluated using:

FWHM = 22In 2)o
®)

RESULTS

Results from varied dose simulations

The initial pressure in the k-Wave simulation was changed based on varying doses per

pulse to demonstrate the linearity for protoacoustics. Figure 3(a) shows the results of the
simulations when the dose is varied from 0.2 to 20 cGy/pulse with the pulsewidth constant
at 4 /5. 0.2 cGy/pulse is a range considered to be used in conventional radiation therapy,
while the rest are within FLASH range.4° This was done to demonstrate that linearity holds
for both conditions. Previous protoacoustic studies have used SNR values between 5 and 30
dB to account for different background noises that may occur.>? Therefore, white Gaussian
noise was added to the signal to obtain 5 dB SNR to provide realistic results. To better show
the linearity between the dose and pressure, Figure 3(b). provides a line of best fit across the
maximum pressure of each dose from Figure 3(a). The linear fit has an R? value of 0.99.

Results from varied pulse widths

To vary the pulsewidth of the signal to demonstrate the effects of the pulse duration on the
signal, the impulse protoacoustic response was convoluted with the Gaussian pulse shape
function. The protoacoustic signal from the center detector was taken, and the maximum
value from these signals across the multiple dose per pulse values were presented in Figure
4. In Figure 4 the results for the simulation for varied pulsewidths is shown. Figure 4(a)
shows the protoacoustic signals corresponding to the various pulsewidths between 0.1 and
20 /s while keeping a constant dose of 20 cGy/pulse. To see the trend that occurs with
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varied pulsewidths, Figure 4(b) plots the maximum of the protoacoustic signals from Figure
4(a) with respect to the corresponding pulsewidths and displays them in the exponential
curve fit. The exponential curve is fitted to the pulsewidths larger than 1 zs with an R? value
of 0.995. Figure 4(c) shows the results from the 2D time-reversal reconstruction that was
done for each of the pulsewidths.

Results from the 9 beam reconstruction

3D TR reconstructions were performed on the 9 beam spot profile setina 3 cm x 3 cm
grid to determine if visualization of individual beamlet was possible using protoacoustic
tomographic reconstructions. Figure 5 shows the initial dose profile in a 3D view and

as an XY slice. The reconstructed BP plane slice corresponding to &-pulse excitation is
shown in Figure 6(a) and the 3D rendering of the reconstructed dose map is depicted in
Figure 6(b). With increasing temporal pulsewidths the width of each reconstructed beamlet
increases, as also seen in Figure 4 for the 2D case. The FWHMs for the beamlets at the
BP plane along with their relative strengths are tabulated in Table 1. The results indicate
pulsewidth-dependent broadening of the reconstructed beamlets. For the treatment and
detection settings considered in this simulation, we observed that each beamlet cannot be
resolved for proton beam pulsewidths = 4/s. For larger pulse durations as well as smaller
separation between beamlets, a larger transducer array aperture and smaller pitch would
be beneficial. This issue can also be ameliorated via deconvolving the pulse function from
the collected signals as well as by employing advanced reconstruction algorithms, which
incorporate finite pulsewidths in the model. This will be the focus of our future research.

DISCUSSION

The purpose of this simulation study is to provide characteristics and feasibility behind
protoacoustics as a dosimeter for FLASH proton therapy. To demonstrate that protoacoustics
can be applied to FLASH,dose rates were varied between 5 and 20 cGy/pulse through
simulation, where linearity was achieved with no saturation despite increased dose per
pulses. Pulsewidths were varied to show the effects on the protoacoustic signal. The
simulations also introduce the use of a linear array, which would allow for higher imaging
speed and 3D reconstruction.

For protoacoustics, one of the key characteristics that make this a strong dosimeter is

the linearity that is observed between the dose and pressure signal as well as real time
monitoring. From Figure 4(b), a linear response can be seen, even with dose per pulses
that are nearly a 100 times greater than the dose per pulse achieved by current clinical
machines (0.2 vs. 20 cGy/pulse). Although it’s known that this linear trend is observed
throughout most dosimeters, this has mostly been with conventional therapy doses and not
ultra-high dose rates, which is what is shown through this simulation.>! Most dosimeters,
such as the ion chamber, have difficulties in these high dose rate ranges with saturation.
However, we have demonstrated a constant linear trend despite these dose rates being a
barrier for many other dosimeters. Although this simulation work only covers between 0.2
and 20 cGy/pulse for varied doses, it’s possible that the detected dose can be even lower
or higher and can be tested in future works.Based on several other works that have been
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completed, the dynamic range for protoacoustics has been shown to be very large. In the
paper by Hickling et al., a dose as low as 11.6 mGy was detected using XACT.52 Linearity
for even higher dose per pulses have not been explored within this work, but machines, such
as the Mevion synchrocyclotron demonstrate FLASH capabilities using 16—-32 cGy/pulse.
Within this range, the pressure from the FLASH proton energy will not be strong enough

to cause non-linear effects.3? With FLASH radiotherapy (FLASH-RT),pressure levels can
reach significantly higher levels compared to conventional radiotherapy, which is only on the
order of mPa.2153 With current levels of pressure seen in FLASH, commercially available
transducers can detect signals without any concerns for nonlinearity.3* In fact, because of
such a high acoustic signal, significant amplification or signal averaging is necessary due to
higher dose rates yielding increased SNR.

Using the dose rates in the simulation, the pulse repetition rate would need to be higher
compared to what is typically observed in electron-based FLASH-capable machines. The
Mevion synchrocyclotron reaches FLASH conditions through a pulse repetition rate of 648
Hz and dose rate between 16 and 32 cGy/pulse, which is significantly higher than the pulse
repetition rates seen in electron-based FLASH machines, which were reported around 100—
200 Hz.3% Based on the Mevion proton machine, which is capable of a pulse repetition rate
of 750 Hz, a dose rate of as low as 5.33 cGy/pulse is possible for FLASH (40 Gy/s).

The acoustic pressure signal from the k-Wave simulations were convoluted with a
Gaussian pulse to vary the pulsewidth. Studying the pulsewidth of the signal is crucial

as the effects of the signal generation efficiency based on this parameter must still

be characterized.Several different proton machines are capable of FLASH with various
pulsewidths. Within clinical machines, many vary in the microsecond range.39:4:55 When
encompassing non-clinical machines, there has already been development of laser-driven
proton sources with pulsewidths in the nanosecond range. The Mevion synchrocyclotron
uses pulsewidths between 4 and 6 /s conventionally, while demonstrating FLASH with 20
16 pulsewidths. Although it is not expected that protoacoustics could be used for isochronus
cyclotrons with quasi-continuous beams, it’s been demonstrated that the generated pulses
could be segmented into 18 /s pulsewidths.?!

To further demonstrate this concept, pulsewidths between 0.1 and 20 x5 were used in

Figure 4(a) to observe the characteristics of the protoacoustic signal due to changes in

pulse duration. With decreasing pulse duration, an increase in the acoustic pressure signal

is viewed. This trend is better seen in Figure 4(b), where the maximum pressure signal
amplitude for each pulsewidth is plotted and fitted to an exponential curve. For pulsewidths
between 0.1 and 1 45, the pressure amplitude has been demonstrated to plateau as it satisfies
stress confinement.38 Therefore, the data points in Figure 4(b) are fitted to the pulsewidths
larger than 1 zs. Similar reconstruction results with the increasing beam size with increasing
pulsewidths can also be viewed in Sanbul et al.’s paper, where 2D reconstructions were
performed on electron-based FLASH.34 The broadening effect is based on the increase

in the pulsewidth, which could potentially lead to loss in quantitative dose.Future work
incorporating temporally broader beam profiles in the reconstruction schemes will be
completed to explore this characteristic further.
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Reconstruction of small proton beam spots is demonstrated in this work.The paper by
Prezado and Fois uses a beam spot size of 3 mm, which is what we include in our paper.>6
In minibeam radiation therapy, the beam sizes go down to 0.7 mm, which is why we explore
smaller beams in the simulation.LATTICE radiation therapy (LRT) also falls under SFRT,
and has been used in over 150 patients. To demonstrate the potential protoacoustics has over
other dosimeters, a 3D reconstruction was performed using a proton beam profile with 9
beams, similar to LRT37 (Figure 3). LRT is an upcoming approach for radiation therapy
that uses an array of high dose regions. The capability of protoacoustics to facilitate 3D
proton dose reconstruction is significant for several reasons.Many dosimeters are unable

to perform 3D reconstructions because it would require the use of a matrix array or the
system is only capable of point measurements. These systems are also not typically in vivo
nor real-time, which are the key characteristics of protoacoustics. Although protoacoustics
displays such strengths, there are slight setbacks with the resolution. The reconstruction
shown in this study was completed using an 8 cm x 8 cm detector, where each individual
beam was distinguishable with beam size not varying between each one.A 5 cmx 5 cm
detector size was initially for the planar array in the simulation. However, using this detector,
an image could not properly be resolved. This is due to the detector not being large enough
for the 9 beam profile. Table 1 displays the FWHM (4) for each beam spot from Figure

6, with beams being listed left to right. The profiles along the horizontal and vertical lines
as shown in Figure 5(b) were fitted to gaussians. FWHMs are also obtained from the

fitting and are tabulated in Table 1 along with the true values, which are extracted from

the simulated TOPAS energy deposition map.Beam 5 has the best and uniform angular
coverage of the detector grid, hence why its FWHM is expected to be the smallest and
similar along the horizontal and vertical. Beams 1,3,7, and 9 are expected to have the
largest FWHM.Moreover, as expected from the symmetry of the problem, the horizontal
(and vertical) FWHMSs of beams 2 and 8 are similar to the vertical (and horizontal) FWHMs
of beams 4 and 6.

CONCLUSION

Through this simulation study, the possibility of using protoacoustics in proton FLASH
therapy was explored and verified through the variation of different parameters to match
FLASH characteristics. Clinical energy proton beam was used in the study and the dose
per pulse was varied between conventional and FLASH parameters. From this, we were
able to verify the wide dynamic range for protoacoustics while maintaining the linearity
between the dose and measured acoustic pressure. The pulsewidth was also varied through
simulation and 2D reconstructions were performed to see the effects the parameter has

on signal generation and the proton beam itself. With the reconstructions, an increase in
the diameter of the beam was observed with increasing pulsewidth. 3D reconstruction was
also possible using an 8 cm x 8 cm planar array, with high visibility of each beam. The
results of this simulation work shows the potential of protoacoustics being implemented in
clinics for its linearity even with FLASH parameters. Future works for simulations include
further variation of the dose per pulse to show the full dynamic range of protoacoustics.
We also aim to develop advanced model-based reconstruction algorithms to correct the
pulsewidth-induced broadening of the reconstructed beam profiles. Tissue heterogeneity is

Med Phys. Author manuscript; available in PMC 2024 July 10.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Kim et al.

Page 10

another parameter that will also be explored in the protoacoustic reconstructions by using
information obtained from a complimentary imaging method such as ultrasound, CT or
MRI. Further studies should also look into the potential cavitation effects that occur with
much higher dose per pulses and shorter proton pulses.
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FIGURE 1.
Basic workflow of FLASH proton therapy. The clinical pencil beam system irradiates the

target with the greatest amount of the energy being deposited at the Bragg peak. This
irradiation generates acoustic pressure waves, which are detected and can then undergo
image reconstruction to view the dose deposition.
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(b)

FIGURE 2.
Demonstration of the layouts for each simulation in k-Wave. (a) Overview of the circular

sensor mask used for the 2D reconstruction and the pressure source overlaid inside. (b)
Overview of the planar array used for the 3D reconstruction of the multiple beam spots.
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(a) Protoacoustic signals simulated using k-Wave toolbox for doses varied between 0.2 and
20 cGy with added white Gaussian noise. (b) Variation of the pressure signal amplitudes

with dose per pulse.
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FIGURE 4.
(a) Protoacoustic signals simulated from the k-Wave toolbox with varied pulsewidths and

consistent dose per pulse. (b) Showing the relationship between signal amplitudes and
dose per pulse with an exponential curve fitted with the pulsewidths greater than 1 5.

(c) 2D reconstructions for varied pulsewidths,with “Initial” representing the incident beam
to compare with the varied pulsewidths. Increase in beam size is seen with increasing
pulsewidths.
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FIGURE 5.
(a) Initial dose deposition of the 150 MeV 9 spot beam file with 1 cm beam spot size for

each. (b) initial dose deposition with a slice of the XY plane taken directly at the maximum
dose of the 9 spot beam profile. The vertical and horizontal dotted lines across the figure
represent where the FWHM was taken along.
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(a)

. |
(d).
FIGURE 6.

(a) XY slice taken from the 3D TR &-pulse reconstruction of the multi-beam proton
deposition file at the center of the Bragg peak. (b) 3D volumetric view of the reconstructed
&pulse 9 beam file.Reconstructed XY slice at the Bragg peak for (c) 1 45, (d) 2 15, and (e) 4
46 pulse durations.
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