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ABSTRACT

Proton therapy monitoring is currently limited to surface dosimetry despite the need for in vivo Bragg peak lo-
calization and monitoring of more complex delivery paradigms such as spatially fractionated GRID therapy, both
of which are associated with improved patient outcomes. Radiacoustic imaging (RAI), which captures acoustic
waves generated by pulsed proton dose deposition deep within the body, enables pulse-resolved, volumetric,
quantitative monitoring of Bragg peak location and total dose delivery. In this work, the livers of a human torso
phantom and a rabbit were irradiated with spatially separated proton beams, and the resulting radiacoustic
signals were reconstructed into volumetric dose maps spanning both individual pulses and entire treatments.
These high-fidelity reconstructions demonstrate the potential of RAI to enable adaptive radiotherapy and to
ensure accurate in vivo delivery of spatially fractionated proton therapies.
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1. INTRODUCTION

Radiotherapy, delivered to almost two-thirds of all cancer patients in the United States,1 results in side effects
ranging from skin toxicity to loss of function in radiosensitive normal tissues such as the gastrointestinal tract, as
photons deposit dose before, within, and beyond the tumor volume as they traverse the patient’s body.2–5 In an
effort to reduce dose delivered to normal tissue, the clinical standard of care is shifting toward proton therapy,
which deposits dose in a Bragg peak (BP) depth profile. While the dose delivered prior to the tumor region is
similar to that of photon therapy, minimal dose is delivered distal to the tumor, as protons have a finite range
and a significantly different stopping power compared to photons.6,7 Treatment plans are therefore generated
to select beam angles that minimize traversal through radiosensitive tissues proximal to the tumor volume.
Although Bragg peak delivery is the greatest advantage of proton therapy, it also poses a significant challenge:
the lack of in-line dosimetry.8 Photon therapy is commonly monitored in the clinic using electronic portal
imaging devices (EPIDs), which generate a differential two-dimensional dose map by comparing the incident
beam to the signal measured by a planar ionization chamber that captures photons exiting the patient.9,10 In
contrast, protons do not exit the body, resulting in no direct verification of spatially resolved dose deposition or
Bragg peak location. Consequently, substantial doses are delivered proximal to and at the BP within the body,
with dose distributions inferred from Monte Carlo simulations based on prior patient CT data.11
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To further reduce dose delivered proximal to the planned target volume (PTV), spatially fractionated delivery
techniques such as GRID therapy have gained clinical interest. These delivery schemes create large unirradi-
ated regions between beamlets, resulting in reduced dose to normal tissue proximal to the PTV compared to
conventional irradiation schemes. As the protons scatter and overlap within the body approaching the PTV,
a more homogeneous dose distribution is formed at the Bragg peak, enabling maintained tumor control.12,13

Such delivery paradigms place even greater importance on in vivo monitoring, as both the peak-to-valley dose
structure and the resulting homogeneous dose within the PTV must be verified.14,15

Current gold-standard dosimeters used in proton therapy include Gafchromic films, which provide two-
dimensional surface dosimetry of the entire treatment but must be digitized approximately 24 hours post-
irradiation,16,17 and ionization chambers, which monitor the beam prior to entry into the body.18,19 This lack
of real-time, pulse-resolved, volumetric dosimetry motivates the development of emerging monitoring techniques
such as radiacoustic imaging (RAI). RAI exploits acoustic waves generated by pulsed radiation beams; as energy
is deposited, a localized temperature rise produces a rapid pressure increase that launches spherical acoustic
waves, the amplitudes of which encode dose information.20,21 By detecting these radiacoustic (RA) signals with
multiple ultrasound transducers, the spatial distribution of dose deposited in tissue can be reconstructed on a
single-pulse scale.22–25

In this work, we demonstrate radiacoustic imaging (RAI) as a real-time, pulse-resolved, volumetric dosimetry
technique for monitoring spatially fractionated proton therapy. We present three-dimensional RAI reconstruc-
tions of proton dose deposition during GRID-style beam deliveries in both a human torso phantom and in vivo
in a rabbit model. Using a clinical proton therapy system and treatment plans generated in a commercial treat-
ment planning system, we show that RAI can localize the Bragg peak and resolve individual beam spots as well
as cumulative dose distributions across an entire treatment. These results highlight the capability of RAI to
monitor complex proton delivery paradigms in heterogeneous media and represent an important step toward in
vivo verification and adaptive monitoring of spatially fractionated proton therapies.

2. METHODS

A clinical proton beamline (Mevion, USA) was used to deliver proton beams of varying location and delivered
charge to a human torso phantom (TruePhantom, Canada) and in vivo to a female New Zealand White rabbit
under an IACUC-approved protocol (insert protocol number). Both the human torso phantom and the rabbit
underwent CT imaging prior to irradiation, and treatment plans targeting the liver were generated in RayStation,
a clinical treatment planning software that enables complex, optimized planning. The human torso phantom
received proton beams with a beam width of 2.3 cm at the Bragg peak (BP) delivered to four locations within
the liver, with 3 cm spacing between beam centers, as shown in Fig. 1b. In the rabbit experiments, proton
beams were delivered to two locations (Fig. 2b–c), reflecting the smaller size of the rabbit liver.

Radiacoustic signals were acquired using a custom 256-element matrix ultrasound array mounted on a robotic
arm (UFactory, China) to provide mechanical stability and enable precise positioning during beam delivery
(Fig. 1a). The array was connected to a custom 256-channel parallel preamplifier and data acquisition system
(Photosound, USA). The transducer was aligned to be perpendicular to and centered on the beam axis using
CT-visible markers and the clinical laser alignment system typically employed for patient setup. All radiacoustic
(RA) signals collected in the human torso phantom were processed in MATLAB and reconstructed using a
universal back-projection algorithm.

For phantom experiments, the matrix array was directly coupled to the torso phantom using ultrasound gel,
with the phantom positioned supine on the treatment couch (Fig. 1a). Beam delivery was synchronized with
the data acquisition system using a scintillator placed in the beam path. While the experimental protocols for
phantom and in vivo studies were similar, several important differences were required. For in vivo experiments,
the rabbit was anesthetized and denuded; however, the smaller surface area and increased curvature of the
abdomen and back posed challenges for direct transducer coupling. To address this, the transducer array was
placed in a water bath with a deformable membrane, allowing it to conform to the rabbit’s anatomy. The
membrane was coupled to the denuded skin using ultrasound gel (Fig. 2a). Due to the presence of air pockets
in the stomach located superior to the liver, the rabbit was positioned prone to provide an improved acoustic
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window for RAI. Additionally, phantom experiments indicated that placement of the scintillator in the beam
path influenced beam shape and Bragg peak location. Therefore, for in vivo experiments, synchronization was
achieved using a neutron detector (DoseOptics, USA) positioned lateral to the rabbit, ensuring that beam delivery
was not perturbed.

RAI signal reconstruction for these experiments was performed using a multi-stage pipeline. Acquired signals
were first denoised using a learned denoising network, followed by initial image formation using a conventional
time-reversal reconstruction algorithm. The resulting volumes were then refined using a physics-informed neural
network (PINN) to mitigate limited-angle artifacts, enabling reconstruction of the full distal proton dose tail that
cannot be fully recovered using time-reversal methods alone. The reconstruction methodology, including network
architecture, training strategy, and physics-based constraints, is described in detail in a recently published
study.26

Figure 1. Three-dimensional RAI monitoring of GRID proton therapy in a human torso phantom. (a) The clinical setup,
with the xARM6 robotic arm securing the matrix array to a human torso phantom on the patient couch of the Mevion
Proton Therapy System. (b) A CT scan of the human torso phantom used in the treatment planning system (TPS) to
select four pseudo-tumors within the liver and determine the proton beam energy. (c) X–Y dose distributions of the four
individual beam spots reconstructed in MATLAB. (d) The combined X–Y dose distribution resulting from treatment with
the four spots. (e) Three-dimensional RAI dose deposition monitoring, illustrating the Bragg peak depth and spatial dose
conformity throughout the human torso phantom.

3. RESULTS

The results obtained in the human torso phantom for radiacoustic monitoring of GRID proton therapy are
presented in Fig. 1. Figure 1b shows the GRID delivery geometry overlaid on the CT-based treatment plan,
while Fig. 1c presents the reconstructed dose distributions of the individual beam spots in the same X–Y
plane. The cumulative dose distribution is shown in Fig. 1d in the X–Y plane and volumetrically in Fig.
1e, demonstrating the ability of radiacoustic imaging (RAI) to monitor proton therapy delivery in a complex,
heterogeneous medium. Three of the four beam spots (upper right, bottom-left, and bottom-right) exhibit
clearly defined Bragg peak cross-sections. In contrast, the top-left beam spot is partially obscured by the rib
cage, resulting in a degraded acoustic window between the Bragg peak in the liver and the transducer. This
limitation may be mitigated by positioning the transducer at a more favorable location or by tilting the transducer
using a water-filled membrane rather than directly coupling to the body surface. Figure 3 presents an analysis
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Figure 2. In vivo RAI dose monitoring during proton beam delivery in a rabbit model. (a) Experimental setup showing
a water bath coupled to the posterior side of a denuded rabbit, positioned using a robotic arm for in vivo proton beam
delivery. The rabbit was anesthetized and continuously monitored throughout treatment. (b–c) RayStation treatment
plans depicting two proton beam spot deliveries within the rabbit liver. (d–e) RAI dose maps corresponding to the two
beams, illustrating the Bragg peak (BP) depth–dose profile and cross-sectional dose distributions in all three anatomical
planes.

of the axial and lateral spatial resolution using a representative reconstruction of the bottom-right beam spot;
Gaussian fitting yielded an axial resolution of 1.8 mm and a lateral resolution of 2.67 cm.

Figure 3. Point spread function and spatial resolution of RAI beam deposition. The graph shows the point spread function
(PSF) of the beam deposition in the Y–Z plane obtained from the averaged signal. The measured PSF is shown alongside
a Gaussian fit, demonstrating an axial resolution of 4.8 mm and a lateral resolution of 2.67 cm.

Finally, the in vivo rabbit delivery results are presented in Fig. 2. The two proton beam spots delivered
to the rabbit liver are shown in Fig. 2b and 2c, with a reduced center-to-center spacing of 1 cm reflecting the
size constraints of the rabbit liver. The corresponding in vivo radiacoustic reconstructions are shown in Fig.
2d and 2e. In the Y–Z plane, the reconstructed Bragg peak depth–dose profiles closely match the treatment
plans, while in the X–Y plane the reconstructed beam cross-sections agree well with the expected beam shape
and size. In contrast to the human torso phantom, which exhibited well-defined and symmetric beam shapes,
the in vivo treatment plans and corresponding RAI reconstructions show distorted Bragg peak profiles due to
the presence of bone and air. Anatomical differences between humans and rabbits, together with the smaller
size of the rabbit anatomy, limited the ability to generate treatment plans that fully avoided bony structures
and heterogeneous air pockets in the stomach. The effects of proton interactions with these heterogeneities are
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evident in both the simulated and reconstructed beam shapes. Future work will aim to improve reconstruction
accuracy by incorporating heterogeneous speed-of-sound information derived from CT and by leveraging dual-
modality ultrasound imaging to mitigate the effects of respiratory motion, which can lead to motion-induced
blurring and inaccuracies in Bragg peak localization during in vivo imaging.

4. CONCLUSION

In conclusion, radiacoustic imaging (RAI) shows substantial promise as a real-time, in vivo modality for moni-
toring proton dose deposition, addressing a critical limitation in current proton therapy verification. The ability
to generate pulse-resolved, volumetric dose maps establishes RAI as a powerful tool for treatment verification
and lays the groundwork for future adaptive proton radiotherapy. This study provides the first demonstration of
RAI-based monitoring of spatially fractionated GRID proton therapy and the first in vivo demonstration of radi-
acoustic dose mapping during proton beam delivery. To our knowledge, no previous studies have achieved in vivo
RAI monitoring of proton therapy, and these results represent a meaningful step toward clinical implementation
and patient translation of radiacoustic-based proton therapy monitoring.
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