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Abstract

Background: Fast low angle shot hyperfractionation (FLASH) radiotherapy (RT) holds promise
for improving treatment outcomes and reducing side effects but poses challenges in radiation
delivery accuracy due to its ultra-high dose rates. This necessitates the development of novel
imaging and verification technologies tailored to these conditions.

Purpose: Our study explores the effectiveness of proton-induced acoustic imaging (PAI) in
tracking the Bragg peak in three dimensions and in real time during FLASH proton irradiations,
offering a method for volumetric beam imaging at both conventional and FLASH dose rates.

Methods: We developed a three-dimensional (3D) PAI technique using a 256-element ultrasound
detector array for FLASH dose rate proton beams. In the study, we tested protoacoustic signal
with a beamline of a FLASH-capable synchrocyclotron, setting the distal 90% of the Bragg

peak around 35 mm away from the ultrasound array. This configuration allowed us to assess
various total proton radiation doses, maintaining a consistent beam output of 21 pC/pulse. We also
explored a spectrum of dose rates, from 15 Gy/s up to a FLASH rate of 48 Gy/s, by administering
a set number of pulses. Furthermore, we implemented a three-dot scanning beam approach to
observe the distinct movements of individual Bragg peaks using PAI. All these procedures utilized
a proton beam energy of 180 MeV to achieve the maximum possible dose rate.

Results: Our findings indicate a strong linear relationship between protoacoustic signal
amplitudes and delivered doses (R2 = 0‘9997), with a consistent fit across different dose rates.
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The technique successfully provided 3D renderings of Bragg peaks at FLASH rates, validated
through absolute Gamma index values.

Conclusions: The protoacoustic system demonstrates effectiveness in 3D visualization and
tracking of the Bragg peak during FLASH proton therapy, representing a notable advancement
in proton therapy quality assurance. This method promises enhancements in protoacoustic image
guidance and real-time dosimetry, paving the way for more accurate and effective treatments in
ultra-high dose rate therapy environments.
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1| INTRODUCTION

Proton beam therapy is distinguished by its unique Bragg peak depth-dose curves, which
allow for precise dose deposition at specific tissue depths. This characteristic is particularly
beneficial compared to photon-based therapies, which can affect tissues both in front

and beyond the target tumor. Proton therapy is especially advantageous when treating
areas close to sensitive organs or in pediatric cases, where minimizing treatment toxicity

is crucial.2~ The focused energy delivery of the Bragg peak ensures minimal damage

to surrounding healthy tissue, making proton therapy superior in terms of precision and
safety.5-8

Typically, proton therapy involves administering doses of 60-80 Gy over several weeks
through daily sessions, a process known as conventional fractionation.® However, the field
has seen a burgeoning interest in the biological effects of ultra-high dose rate or Fast

Low Angle Shot Hyperfractionation(FLASH) therapy, which delivers high doses at rates
exceeding conventional methods.1%-12 FLASH therapy (> 40 Gy/s) has shown promise in
animal studies for its ability to preserve healthy tissue while effectively controlling tumor
growth, with notable outcomes such as the memory-sparing effect in mice.13-17

Despite the potential of FLASH therapy, challenges remain, including identifying
optimal beam conditions and understanding the biological mechanisms involved. Clinical
synchrocyclotrons, capable of accelerating protons and modulating their range and direction,
enable the application of intensity-modulated proton therapy (IMPT) and are exploring
hypofractionation or single-fraction treatments in the context of FLASH therapy.18:19

The precision of proton therapy, however, is dependent on the accurate placement of the
Bragg peak, necessitating real-time in vivo imaging to ensure the correct dose delivery
while protecting surrounding healthy tissues.20 This is particularly critical in FLASH
irradiation, where rapid dose changes and unique beam properties demand advanced
monitoring techniques. Traditional quality assurance methods fall short in this high-dose-
rate context,2122 prompting a shift toward real-time imaging for both temporal and spatial
dose distribution and the development of faster, more adaptive detectors.16:23-25
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Among the emerging technologies, Proton-induced Acoustic Imaging (PAI) shows promise
for localizing the Bragg peak and providing real-time in vivo dosimetry.26-32 PAI employs
acoustic waves generated by the energy deposition from proton beams in tissues to
determine the delivered radiation dose, exploiting the Bragg peak phenomenon to precisely
map out dose distributions.33:34 Despite the potential of PAI, previous studies have not
demonstrated that PAI is capable of reconstructing the FLASH rate proton beam Bragg peak
in water in three dimensions (3D).

In this paper, we introduce a strategy that employs PAI for high-precision range verification
in 3D and real-time dose monitoring during proton therapy. The ability of the protoacoustic
imaging system to measure proton dose rates from clinical to FLASH rates, and its capacity
for 3D visualization of the Bragg peak, highlight the potential of PAI in enhancing real-

time adaptive radiotherapy. The linearity of the PAI dosimeter has been validated, and the
technique’s capacity to track individual Bragg peak movements during pencil beam scanning
underscores its value for future applications in real-time adaptive radiotherapy.

MATERIALS AND METHODS

Theory of protoacoustics

The fundamental concepts of protoacoustics are grounded in the thermoacoustic effect,
which suggests that when a target is irradiated by an energy source, it emits pressure waves.
Specifically, when a proton beam targets an object, the most prominent pulse emission
occurs at the Bragg peak. The behavior of these protoacoustic waves is governed by the
wave equation32:36;
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In this equation, H(7 1) refers to the heat deposition at point 7 and time 1, v, denotes

the speed of sound in the medium, g signifies the thermal expansion coefficient, and C,
represents the specific heat capacity. The complexity of this pressure wave equation can be
reduced by assuming that each individual proton pulse deposits energy instantaneously. The
resolution to Equation (1) due to pulse excitation is as follows 37:

- _ B o1 e =
PP = e at(cr[w,,) H(r )dS(t)), F=7|=c

@

In this case, S'(r) signifies a time-variable spherical surface at the detector’s central location

—> —>

(7) such that [7" — 7’| = ct. P(7, 1) represents the initial pressure rise at the location (7"

and at time . Through time-of-flight information from proton-induced acoustic pulses, the
precise location of the Bragg peak can be determined. Ultrasound transducers attached to
the patient capture the 3D acoustic waves, enabling the reconstruction of 2D and 3D images
from PAI signals and thus allowing for real-time mapping of dose deposition.
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The relationship between each proton pulse’s dose and the resultant acoustic pressure is
given by:

P,=TpD

@

Here, I stands for the Gruneisen coefficient, a dimensionless parameter, and p signifies

the material density. This equation crucially links the measured protoacoustic amplitude P
with the deposited radiation dose D, facilitating direct dose measurement for each individual
pulse.26:38:39 previous research has established the linearity between dose and acoustic
signal at conventional rates, which recent studies have extended to FLASH dose rates using
electron beams, and even to higher instantaneous rates with laser-driven accelerators.0:41

3D image reconstruction

We implemented a wavelet denoising algorithm in our research,*2 enabling the detection
of individual FLASH proton pulses. This method was instrumental in improving data
clarity, serving as a crucial step toward successful image reconstruction for a single FLASH
proton pulse. To further boost the signal-to-noise ratio (SNR), we employed a technique
of averaging and consolidating data from up to 2000 frames to refine the quality of our
reconstructions. Our PAI imaging setup featured a 256-element matrix array, measuring
4.8 cm by 4.8 cm. The reconstruction was performed on a grid that matched the array’s
lateral dimensions with a voxel resolution of 400 pm3. For the 3D image reconstruction,
we utilized the Universal Back-Projection (UBP) algorithm,*2 renowned for its efficacy
in reconstructing 3D acoustic images in various research contexts. This strategic approach
allowed us to accurately reconstruct dose maps and localize the Bragg peak.

Experimental setup

Figure 1a describes the overall experimental setup for the study. This study utilized

a synchrocyclotron proton therapy system (HYPERSCAN, Mevion Medical Systems,
Littleton, USA) (Figure 1b) that employs a compact 8 Tesla superconducting
synchrocyclotron to accelerate protons to 230 MeV (range approximately 32 g/cm?).43
Furthermore, the Mevion FLASH Research Kit was used to facilitate and control FLASH
deliveries. To boost the current and produce remarkably high FLASH dose rates, several
system parameters were meticulously adjusted. These madifications included setting an
emission voltage of —1.5 kV on the ion source cathodes and determining a signal amplitude
based on empirical data, usually around ~10 kV. A crucial step was the precise alignment
of the superconducting coil with the warm accelerator iron, maintaining a tolerance of less
than 0.5 mm. A pulse repetition frequency of f = 756 Hz was utilized in this study. The
output dose rate was controlled through pulse width modulation of the ion source, with
durations varying from 12.5 to 26 ps. Table 1 describes the key parameters of the proton
beam used for experiments and reference dose measurements. Only the dose rate versus
protoacoustic amplitude comparison experiments used different ion source pulse width from
8 to 14 ps. All other tests used the maximum 14 ps of the ion source pulse width. The
reference measurements were performed with a PPC05 (IBA Dosimetry GmbH, Germany)
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and FLASH-capable transmission (FLASH TIC) ion chamber using the same measurement
configurations described in a previous study for the same machine.*3

As shown in Figure 1a, a custom matrix-array detector (Doppler Electronic Technologies
Co., Ltd., Guangzhou, China) was employed for PAI wave collection. The ultrasound
detector has a center frequency of 1 MHz and 60% bandwidth. During the experiment,

the detector was submerged in a water tank and lifted to the proton beam height. For all tests
done in this study, the planar array detector was placed 33.2 cm away from the calculated
Bragg peak depth. For accurate acquisition timing, a plastic scintillator at the beam height
was used for synchronization between the proton beam firing and the acoustic wave
collection. All data collection was carried out using a 256-channel data acquisition system
(Legion ADC, Photosound Technology, Houston, USA), which had been previously tailored
to include an extra 49 dB preamplification stage prior to the analog-digital conversion.

To showcase the 3D imaging capabilities of our PAI system in identifying the Bragg peak
within the FLASH domain, we administered a FLASH proton beam in a water tank. The

ion source’s pulse width was set at 14 ps, delivering an estimated total dose of 544 Gy

over 13.2 s, equating to a dose rate of 41 Gy/s in the FLASH region. For improved 3D
image quality,1000 out of 5000 pulses were processed and averaged for the final Bragg peak
3D reconstruction. In addition to 3D volumetric display of the Bragg peak, or dosimetric
validation, a Gafchromic EBT3 radiochromic film was used, irradiated at the same depth as
the PAI Bragg peak, providing a benchmark for dosimetry performance.

In studying the use of ultra-high dose rate radiotherapy, also known as “FLASH” therapy,

it is crucial to measure the total dose and dose rate accurately due to the shorter timescales
involved compared to conventional radiation. The dose rate (Gy/s), indicates the amount

of dose deposited in the tissue each second, depending on the dose per pulse and the
repetition rate of the system. Our investigation assessed five different total dose levels:50,
75, 100, 200, and 300 Gy, using PAI measurements. These levels were tested three times
each to ensure statistical accuracy. During these tests, we maintained a consistent dose rate
of approximately 48 Gy/s, with a fixed charge of 21 pC/pulse. While keeping constant

dose rate, we varied the number of pulses to align with the total desired dose. The

total dose measurements compiled were essentially the cumulative sum of all acquired
acoustic amplitudes, correlating to the total dose administered. Furthermore, to validate the
effectiveness of the PAI system in measuring the total proton beam dose rate within the
FLASH range, we conducted tests on a prototype proton beam, adjusting the total dose rate
outputs from a standard clinical dose rate of 15.2 Gy/s up to a FLASH dose rate of 48 Gys/s.
By modifying the dose rate output while maintaining a pulse repetition frequency of 750 Hz,
we were able to extract acoustic amplitudes from varying output intensities. Each dose rate
level was tested five times, and every measurement represented an average of 1000 proton
pulses to minimize background noise interference.

The PAI system represents a new approach for real-time tracking of proton pencil

beam scanning during FLASH Radiotherapy (RT) delivery. This technology enables three-
dimensional (3D) volumetric dosimetric reconstruction for a single proton pulse, enhancing
the accuracy and effectiveness of radiotherapy. In an application of this system, the PAI
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monitored the movements of a proton beam adjusted to three different positions, each set 5
mm apart. The monitoring was facilitated by a planar array detector positioned 33.2 cm from
the plane of Bragg peak movements, which remained stationary during data collection. The
analysis led to the generation of visual representations, accurately tracing the movement of
Bragg peaks during pencil beam scanning.

RESULTS

Volumetric image of the Bragg peak

Figures 2a, 2b show the protoacoustic imaging for lateral and axial reconstructions,
respectively, with profile lines indicating the center of each slice. The dashed white lines
illustrate the profile lines’ origins, demonstrating accurate Bragg peak reconstruction at a
42 Gyl/s dose rate. The lateral profile (yellow line) forms a Gaussian distribution with a 21
mm full width at half maximum (FWHM), while the red curve in Figure 2b shows the axial
profile with a 10 mm thickness from the 3D reconstructed Bragg peak.

The outcomes of the dosimetric validation test are shown in Figure 3,including the original
(Figure 3a) and digitized film (Figure 3b) alongside the reconstructed PAI peak, with
contour lines drawn at 60%, 80%, and 90% normalized dose intensity to compare shapes.
The PAI peak appears more rounded, likely due to limited-view effects and large ultrasound
element sizes. Absolute gamma index analysis, depicted in Figures 3d—f, demonstrates good
alignment between PAI measurements and film in the peak’s central area, with expected
variations elsewhere due to back-projection algorithm limitations. Table 2 indicates that
while the PAI method’s accuracy is low for doses below 10% of the peak, it is accurate
when presenting above 50% intensity across all standards, with areas above 30% intensity
satisfactorily meeting the 5 mm/5% gamma index criteria, affirming the PAI method’s
effectiveness in accurate dose mapping.

Dose linearity study in FLASH regime

The results demonstrated clear dose linearity in the FLASH region. Specifically, PAI
signals from the proton beam, under different total dose levels, showed that the normalized
amplitudes of acoustic signals linearly correlated with the actual administered doses,
achieving a near-perfect R” value of 0.9997 (Figure 4a). This indicates a highly accurate
representation of dose linearity at various levels. Additionally, the relationship between
the measured dose rate delivered and the PAI acoustic amplitude followed a similar linear
trend, with an R? value of 0.9782, validating the PAI system’s ability to measure dose rates
accurately within the FLASH region (Figure 4b). These findings confirm the dose linearity
in the FLASH region, crucial for advancing precision in radiotherapy treatments. Figure
4c displays the averaged protoacoustic signals obtained from proton beams with dose rates
of 15 and 48 Gy/s. Meanwhile, Figure 4d illustrates the typical frequency components of
the acquired protoacoustic signals, using the signal from the 48 Gy/s proton beam as an
example.
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Real-time tracking proton pencil beam scanning during FLASH RT delivery

The locations of the scanned Bragg peak are individually represented as reconstructed lateral
slices in Figures 5a—c. Figure 5d presents a superimposed image where the movements of
the Bragg peak are clearly outlined. Finally, the reconstructed dose distribution from three
different locations was analyzed against the film results of the accumulated dose using

the absolute gamma index. The subsequent passing region mapping is shown in Figure 5f,
and the corresponding gamma index values are listed in Table 2. This experiment serves

to illustrate the precision and real-time capabilities of PAI in tracking proton pencil beam
scanning during FLASH RT delivery. The complete sequence of recorded proton Bragg peak
movements can be seen in the supplementary Video S-1.

DISCUSSIONS

PAI is emerging as a dosimetric tool for real-time monitoring of FLASH proton therapy, a
form of radiotherapy that delivers ultra-high dose rate at a very short period of time. Our
experiments confirm that PAI can maintain linearity within the FLASH regime, meaning

it does not reach saturation even at high dose rates (48 Gy/s, shown in Figure 4b),

which is crucial for accurate dose measurement and ensures real-time tracking capabilities.
Adjustments can be made to the hardware to address any potential signal saturation, such
as reducing the amplifier gain, have been shown to be effective. This suggests that with
appropriate hardware modifications, PAI could monitor even higher doses per pulse without
experiencing saturation, enhancing its applicability in FLASH RT.

While previous studies have demonstrated the potential of radiation-induced acoustic
imaging for point measurement*# and two-dimensional monitoring during proton

therapy, 304546 our study extends this by offering real-time, 3D monitoring at the single-
pulse level. This research represents the first attempt where PAI has been used to create 3D
volumetric dose maps specifically for FLASH therapy (Figure 2). These findings are vital
because they indicate that PAI can be used to monitor and adjust treatment in real time,
enhancing the safety and efficacy of FLASH proton therapy.

Nonetheless, challenges remain, such as the partial detection geometry and sparse elements
in the transducer array, leading to certain artifacts in the reconstructed dose maps (Figure
2b). These issues highlight the need for further advancements in image reconstruction
algorithms, such as model-based image reconstruction algorithm*7+48 and deep learning-
based image reconstruction algorithm2749:50 which could mitigate problems like limited
view and streak artifacts. Moreover, the resolution of PAI could be improved. The current
study used a 1 MHz transducer array, balancing between detection sensitivity and spatial
resolution constraints. Future developments could explore transducer arrays with higher
sensitivity and finer element geometry, improving spatial resolution. Furthermore, using
a narrow pulse duration of the proton beam that satisfies the stress confinement would
potentially improve the high-frequency components of protoacoustic signals, thus, to
improve the imaging resolution.

Moreover, integrating PAI with other imaging modalities, such as Computed Tomography
(CT) scans, could further enhance dose deposition mapping and treatment accuracy. This
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integration would leverage the detailed anatomical information from CT imaging, potentially
leading to more precise and effective radiotherapy treatments.

5] CONCLUSIONS

In conclusion, our study highlighted the effectiveness of PAI for real-time, 3D imaging

of Bragg peak in the context of FLASH proton therapy. We successfully illustrated PAI’s
capacity to render Bragg peaks in three dimensions and to track lateral pencil beam scanning
accurately. Notably, PAI distinguishes itself from conventional methodologies by its ability
to consistently measure dose rates from standard clinical levels up to FLASH levels, thereby
effectively monitoring each Bragg peak within FLASH beamlets. This development fills

a crucial void in proton therapy, presenting opportunities for enhanced image guidance,
precise in vivo dosimetry, and the provision of real-time, 3D dosimetric feedback.
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Refer to Web version on PubMed Central for supplementary material.
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FIGURE 1.

Protoacoustic measurement setup. (a) schematic view of the experimental setup (b) Mevion
prototype FLASH source setup. SL: scintillator for trigger purposes. UT array: 256-element
planar ultrasound transducer array. FLASH, Fast low angle shot hyperfractionation.
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FIGURE 2.
3D Protoacoustic imaging of Bragg peak. (a) Protoacoustic imaging demonstrates a lateral

reconstruction slice at the Bragg peak center of a FLASH rate proton beam, utilizing a
256-element planar ultrasound transducer array. The dashed white line marks the location
from which the Bragg peak’s lateral profile is extracted, depicted by the solid yellow

line. (b) Protoacoustic imaging illustrates an axial reconstruction slice at the center of

the Bragg peak for a FLASH rate proton beam. Here, the dashed white line shows the
point of extraction for the Bragg peak’s axial profile, represented by the solid red line. (c)
Protoacoustic imaging reveals the 3D volumetric dose distribution for a FLASH rate proton
beam. 3D, three-dimensional; FLASH, Fast low angle shot hyperfractionation.
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FIGURE 3.

PAI versus film using gamma index analysis. (2) picture of the film result of a single proton

pulse. (b) extracted normalized film value. (c) PAI reconstructed the slice at the Bragg peak.

(d)-(f) Gamma index analysis. Points with a y~index value less than 1 pass the test (in blue
shades). PAI, proton-induced acoustic imaging.
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Dose Linearity Study in FLASH regime with PA measurement. (a) Verified accumulated
dose delivered (at 50, 150, 100, 200, and 300 Gy) versus protoacoustic amplitude
measurements. Each total dose level was repeated three times. The acoustic signal amplitude
is extracted from the center channel of the planar array. (b) Verified dose rate delivered

(at 15.2, 17.5, 24, 30, 45, and 48 Gy/s) versus protoacoustic amplitude measurements.

(c) Direct comparison of averaged protonacoustic signals obtained from 15 and 48 Gy/s,
respectively. (d) The scalogram of a single pulse obtained at 48 Gy/s proton beam,
demonstrates the typical frequency components of obtained signals. FLASH, Fast low angle

shot hyperfractionation.
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(e)

FIGURE 5.
FLASH proton beams 3-dot scan tracking using PAL. (a)—(c) scanning locations of each

Bragg peaks. (d) superimposed 3-dot scanning pattern PAI reconstruction. (e) 3-dot pattern
verification using film. (f) 3-dot pattern gamma index mapping for superimposed PAI
imaging result and the film result using 5 mm/5% criteria. FLASH, Fast low angle shot
hyperfractionation; PAI, proton-induced acoustic imaging.
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TABLE 2

Gamma index analysis.

Type Gammalndex 10% low-dosethreshold 30% low-dosethreshold 50% low-dosethreshold
Single 3 mm/3% 33.06% 59.13% 89.40%
Single 3 mm/5% 34.21% 61.17% 91.43%
Single 5 mm/5% 76.40% 100.00% 100.00%
3-dot 5 mm/5% 40.13% 70.67% 82.88%
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