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Purpose: High-precision radiation therapy is crucial for cancer treatment. Currently, the delivered dose can only be verified via
simulations with phantoms, and an in-tumor, online dose verification is still unavailable. An innovative detection method called x-ray
−induced acoustic computed tomography (XACT) has recently shown the potential for imaging the delivered radiation dose within
the tumor. Prior XACT imaging systems have required tens to hundreds of signal averages to achieve high-quality dose images within
the patient, which reduces its real-time capability. Here, we demonstrate that XACT dose images can be reproduced from a single x-ray
pulse (4 ms) with sub-mGy sensitivity from a clinical linear accelerator.
Methods and Materials: By immersing an acoustic transducer in a homogeneous medium, it is possible to detect pressure waves
generated by the pulsed radiation from a clinical linear accelerator. After rotating the collimator, signals of different angles are obtained
to perform a tomographic reconstruction of the dose field. Using 2-stage amplification with further bandpass filtering increases the
signal-to-noise ratio (SNR).
Results: Acoustic peak SNR and voltage values were recorded for singular and dual-amplifying stages. The SNR for single-pulse mode
was able to satisfy the Rose criterion, and the collected signals were able to reconstruct 2-dimensional images from the 2 homogeneous
media.
Conclusions: By overcoming the low SNR and requirement of signal averaging, single-pulse XACT imaging holds great potential for
personalized dose monitoring from each individual pulse during radiation therapy.
© 2023 The Authors. Published by Elsevier Inc. on behalf of American Society for Radiation Oncology. This is an open access
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Introduction
Radiation therapy has made significant strides in
recent years with the development of advanced techni-
ques such as intensity modulated radiation therapy,1,2

stereotactic body radiation therapy,3 and proton beam
therapy.4 These techniques have converged on the con-
cept of precision radiation therapy, which aims to
increase high-dose conformity, reduce planning target
margins, and increase the dose to the tumor. However,
delivering highly conformal treatments remains a sig-
nificant challenge due to uncertainties in machine
beam delivery and intrafractional changes in patient
anatomy and tumor location during treatment
(Fig. 1).5,6

To address this challenge, image guided radiation ther-
apy solutions have been proposed, such as cone beam
computed tomography (CT) and robotic couch, both of
which are applied before treatment delivery to confirm
the target position with respect to the isocenter.7,8 How-
ever, these localization methods involve an additional
imaging dose to the patient, and the uncertainty of the
delivered radiation dose remains. There is currently no
consensus on a standardized method for tracking the dose
to the tumor in real time.9 Thermoluminescent dosime-
ters have been used for individual point measurements of
skin entrance dose,10 but these methods do not provide
real-time feedback. Electronic portal imaging devices11

have also been considered for patient-specific quality
Figure 1 The workflow of radiation therapy. The
patient’s computed tomography (CT) simulation is used
to create a treatment plan (eg, intensity modulated radia-
tion therapy, arc therapy). With an approved plan, the
patient will be placed in the treatment couch and be
imaged before treatment delivery (cone beam CT or kV/
MV x-rays). If the imaging (internal anatomy) does not
agree with the CT simulation, a new simulation or replan-
ning will be needed. There are several sources of uncer-
tainty during treatment, such as target volume and
normal tissue position within the patient, the perfor-
mance of machine components during delivery, and the
actual tumor dose delivered compared with the calculated
treatment planning dose.
assurance with high resolution; however, converting the
transmitted fluence image to absolute dose is complex
and requires several corrections for attenuation and
scatter.

To address these challenges, a new method called x-
ray acoustic CT (XACT) has been proposed. XACT is
an alternative detection method that uses radiation-
induced ultrasound emissions to provide real-time feed-
back on the delivered dose.12 The reconstructed 2-
dimensional (2D) XACT images can provide dosimetry
information, and acoustic amplitude is linearly propor-
tional to the absorbed dose in the medium.13,14 This
means that real-time mapping of dose distribution could
become possible.

To progress into clinical application, novel trans-
ducers capable of dual-mode operation have been pro-
posed for tracking both anatomy and delivered dose. A
recent study shows the capability of real-time dose mon-
itoring of a XACT/ultrasound (XACT/US) system,15

demonstrating in vivo dual-mode mapping of 6X flatten-
ing filter-free (FFF) fields. However, a large number of
beam pulses are required to improve image reconstruc-
tion, and the frame rate is still relatively slow, thus
restricting intrafraction visualization of the treatment.
This limitation can be overcome by achieving large sig-
nal-to-noise ratio (SNR) from a single-pulse acquisition.
Further research is needed to improve the sensitivity and
SNR of XACT and to develop transducers that operate
in dual mode.12,16 By overcoming these limitations,
XACT shows promise in addressing organ motion and
in-tumor relative dose evaluation. It could also provide
feedback on machine performance, making it a valuable
tool for precision radiation therapy. Current XACT sys-
tems require tens to hundreds of signal averages to
achieve high-quality imaging, which restrains its real-
time capability. Additionally, most studies rely on water
phantoms as their propagation medium. The XACT sig-
nal is dependent on both the dose per pulse and the
acoustic properties of the medium. Water has a low
Gr€uneisen parameter, which makes it difficult to obtain
a high signal SNR. The characterization of x-ray acoustic
(XA) signals generated in tissues similar to the human
body still needs to be investigated.

The purpose of this work is to demonstrate high
SNR detectability for XACT imaging from the individ-
ual beam pulses from a clinical linear accelerator
(linac). The irradiation was performed on a water
phantom and a container with vegetable oil as a surro-
gate for fatty tissue. The influence of the Gr€uneisen
parameter from both materials was explored and varia-
tion of collimator angles on SNR XACT amplitude and
linearity response is compared between single-pulse
and high-signal averaging mode. Finally, the clinical
implementation of XACT, benefits, and further limita-
tions are discussed.
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Methods and Materials
Measurement of radiation dose with x-ray
−induced acoustic emission

The acoustic effect of pulsed x-rays originates from
photon-electron interactions that generate ionizations of
the inner shell electrons. The released photoelectrons or
Auger electrons are absorbed locally, which entails kinetic
energy deposition. Given that clinical linac beams are typ-
ically used in the MV energy scale, Compton effect produ-
ces scattered electrons that also contribute to local energy
deposition. This energy delivered to the medium trans-
lates into a temperature rise on a millikelvin (mK) scale,
thus generating thermoelastic expansion. The expansion
concludes with the emission and propagation of an acous-
tic pressure wave (Fig. 2).

The generated XA pressure wave can be described
through the partial differential equation12,17,18
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where Hð~r; tÞ is the x-ray heat energy deposition at point
~r and time t, vs is the speed of sound in medium, b is the
thermal expansion coefficient, and Cp is the specific heat
capacity at constant pressure. The pressure wave equa-
tion can be simplified by assuming that each individual
linac pulse deposits the heat energy instantaneously.
Thus, the initial acoustic pressure wave poð~rÞ for a delta
impulse is given by
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Figure 2 The x-ray acoustic effect from a linear accelerator ph
target. This energy creates a rapid rise in temperature that is tra
waves can be detected, typically with acoustic transducers with c
these acoustic waves, under instantaneous energy deposition,
have beam pulses that have typical durations of 3 to 4 ms, which
where G represents the Gr€uneisen parameter, a dimen-
sionless term that compounds the thermoacoustic proper-
ties of a specific material or tissue. It is defined as

G ¼ bv2s
Cp

ð3Þ

The distribution of heat energy Hð~rÞ can also be
expressed in dosimetric terms, such as fluence F and x-ray
mass energy absorption coefficient men=r. Similarly, these
terms can also be represented as thermal efficiency hth
(percentage of absorbed energy converted to heat) and
dose per pulse Dp. The expression for initial pressure then
can be described in different forms:

po ~r
� �

¼ G men=rð Þ F
tp

¼ G hthr Dp rð Þ
tp

; ð4Þ

where r is the mass density of the medium and DpðrÞ is
the local dose due to a single x-ray pulse with a pulse
duration of tp. The pixel intensity inside the XA image,
which is reconstructed from acquired XA signals using
backprojection, should correspond to the initial acoustic
pressure. Therefore, the relative intensity of the XACT
image reconstruction can provide information of beam
position, dose distribution during the treatment delivery,
and quantitative information on the amount of dose being
delivered to the tumor target.
Experimental setup

Photon beams of varying square sizes were delivered
using a TrueBeam linac (Varian Medical Systems, Palo Alto,
CA). The beam energy used on all tests was 10 MV FFF with
oton beam. Pulsed x-ray beams deposit energy in the local
nslated into mechanical vibrations, from which ultrasound
entral frequency of the kHz range. The initial pressure for
is poð~rÞ ¼ G hthrDpðrÞ

tp
; however, most clinical accelerators

can degrade the acoustic peak resolution.
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2400 MU per minute dose rate to implement the highest
dose per pulse available. The linac pulse width has 4 ms dura-
tion and a repetition frequency of 360 Hz. The beams were
delivered with different field sizes to assess the change in the
XA signal peaks. An unfocused immersion-type transducer
(V389-SU, Olympus-NDT, Waltham, MA) with 0.5 MHz
central frequency was used to detect the acoustic signals in
water and commercial vegetable oil. The transducer was fixed
to a holder driven by the stepper motor of the water tank sys-
tem (1D SCANNER, Sun Nuclear Corporation, Melbourne,
FL). A distance of 10.5 cm between the transducer and the
primary radiation field was used to avoid head-wave noise
from scatter radiation. The XACT signals from the trans-
ducer passed through an initial stage preamplifier (5660B,
Olympus-NDT) with 60 dB gain and −3 dB bandwidth
from 20 kHz to 2MHz. To reduce radiofrequency noise, cop-
per foil was used to cover the transducer cable. A second
stage amplifier (SR560, Stanford Research Systems, Sunny-
vale, CA) added an additional gain and applied a bandpass
filter. At last, the signal was collected by an oscilloscope that
used the linac gun pulse for triggering. For single-pulse mode
acquisitions, the total amplification was set to 90 dB with
constrained bandpass cut-off frequencies of 10 kHz to
30 kHz with −6 dB. The sampling frequency was set to
250 MHz for a total of 70,000 collected datapoints per signal.
Single-pulse XACT signal characterization
from 2 media

Acoustic signal detection was performed between 2 dif-
ferent Gr€uneisen parameter media. The literature suggests
that, at room temperature, water has G of 0.11 whereas
vegetable oil ranges between 0.90 to 0.95 depending on its
contents. Initial testing compared the SNR and peak-to-
peak voltage between both medium using only 60 dB gain
and increasing the signal averages. Upon adjustments for
single-pulse acquisitions, SNR was compared for different
beam collimator angles of 0°, 15°, 30°, and 45°. The SNR
was calculated for the time-domain signals as follows:

SNR dB½ � ¼ 20 log10
I tð Þ
B tð Þ

 !2

ð5Þ

where IðtÞ represents the root-mean-square voltage of the
first XA peak in the signal IðtÞ, whereas BðtÞ is the
remaining signal outside the XACT peaks. The higher
SNR of XA signals in oil demonstrates that stronger
acoustic signals could be obtained from a patient in future
research without need for signal averaging.
XACT image reconstruction

The tomographic method requires acquiring signals
from different angles, mimicking a ring-shaped array of
transducers. In our experiments, the collimator was rotated
every 5° for a total of 72 XACT signals (Fig. E1 in Supple-
mentary material). The background signals were obtained
by withholding the beam-on, which allows for linac gun
triggers to be sent to the oscilloscope without performing
actual beam delivery. A backprojection script was used
with MATLAB to reconstruct the radiation-induced initial
pressure distribution. The script reads each of the .csv files
from a folder directory, then separates the data into 2
arrays for the trigger signal and the transducer signal,
respectively. For each of the 72 measurement angles, the
signal obtained from the background is subtracted, and a
Savitsky-Golay filter is applied. Subsequently, the dimen-
sions of the reconstruction’s domain of interest and the
grid resolution for the forward model (in our case,
0.25 mm) are defined. The domain is discretized with the
Delaunay function, and the detectors are defined in a circle
of radius corresponding to the distance between the trans-
ducer and the beam isocenter. The contribution of each of
the 72 points from the time-of-flight from the signals are
obtained, considering a velocity in homogeneous medium
of 1500 m/s in water and 1420 to 1450 m/s in oil. The net
contribution is used to generate a surface plot in 2D.
Imaging of the radiation field and a high-
density target

We introduced a high-density material within the oil
to take advantage of the increased Gr€uneisen parameter.
A small 7-mm diameter cerrobend rod was placed in the
isocenter of a 5- £ 5-cm2

field. An Olympus transducer
with 2.25 MHz central frequency was used for this test,
and a single-pulse XACT reconstruction was obtained.
Linearity response

The linear response of the XACT intensity was compared
as the transducer was introduced deeper into the water tank.
Measurements were made from 3.5 cm to 12 cm depth tak-
ing 5 mm steps. Normalization was performed with respect
to the first measurement point, and a scaling factor was used
to plot the percentage depth dose from the clinical commis-
sioned data. The mean response and standard deviation
were plotted for single-pulse XACT and 1024 averages.
Results
Detection of a single x-ray beam pulse with
XACT

Single-pulse XACT signals recorded for a field size of
4 £ 4 cm2 are shown in Fig. 3a. The peak-to-peak



Figure 3 X-ray−induced acoustic computed tomography (XACT) signal acquisitions. (a) The time-domain XACT signal
for both oil and water medium using a single beam pulse. (b) The frequency spectrum of the single-pulse XACT signals.
Most of the sensitivity uptake lies at the lower frequencies (peaks at 25 kHz and 50 kHz). (c) The effect of increasing the
field size for single-pulse XACT in oil. As field increases on X-dimension, there is a larger number of pressure sources cre-
ated in front of the transducer, thus increasing amplitude. As Y-dimension is modified, it affects the distance between field
edge and the transducer, therefore affecting the travel time of the signals.
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amplitude of the acoustic waves generated from oil is 5 to
6 times greater than that of water due to the Gr€uneisen
parameters G, which are approximately 0.11 for water and
0.90 for oil. Time-of-flight calculations can determine the
photon field size. The time between the first peak’s com-
pression-rarefaction and the second peak is used to deter-
mine the closest result to the actual field size. For water,
the timepoints are 101.4 ms and 129.8 ms, while for oil,
they are 99.8 ms and 130.2 ms. By considering the speed
of sound in water and oil, an estimated distance of
4.20 cm in water and 4.31 cm in oil can be obtained. How-
ever, these are rough approximations due to the field
divergence at the 5-cm depth of measurement. The fre-
quency spectrum in Fig. 3b shows that signal uptake is
dominant for lower frequencies, with sensitive peaks at
25 kHz and 50 kHz for both media. From the first
acoustic peak, the SNR and peak-to-peak voltage were
recorded, and it was found that in water, 16 averages were
necessary to satisfy a SNR > 5. In contrast, using averag-
ing was unnecessary in oil. These results suggest that
structures with large Gr€uneisen parameters may not
require signal averaging to be identified in XACT for
future heterogeneous phantom studies. Table 1 summa-
rizes the results obtained using only 1 amplifier stage.

A secondary amplification stage enhanced the acoustic
signal so that higher SNR was achieved in both propaga-
tion media. Rotating the beam collimator caused the pres-
sure source line (edge of field) to no longer be similarly
aligned toward the face of the transducer. In all cases, the
more oblique angles had reduced SNR. This is because
the arrival time of the pressure wave is different along the
rotated source. Despite this limitation, XACT from oil



Table 1 SNR and voltage values from 1-stage amplifier XACT first acoustic peak as a function of signal averaging (beam
pulses) in 2 different media*

One-stage amplification Water Vegetable oil

G at 20°C
0.11 0.90

Signal averages Peak-to-peak (V) SNR Peak-to-peak (V) SNR

2 0.56 1.7 1.32 17.0

8 0.27 3.2 1.10 19.1

16 0.28 5.5 1.30 19.4

32 0.21 6.1 1.22 20.6

64 0.23 9.3 1.24 20.1

128 0.23 10.2 1.24 20.2

256 0.20 10.7 1.22 19.2

512 0.20 10.9 1.22 20.6

Two-stage amplification
Water Vegetable oil

Collimator angle (°)
SNR at 4 cm
(0.5 MHz)

SNR at 8 cm
(0.5 MHz)

SNR at 4 cm
(0.5 MHz)

SNR at 4 cm
(2.25 MHz)

0 5.82 5.56 8.99 7.29

15 6.03 5.46 8.03 6.70

30 4.00 3.82 6.06 4.93

45 3.35 3.76 6.28 5.25

Abbreviations: SNR = signal-to-noise ratio; XACT = x-ray−induced acoustic computed tomography.
* The properties influencing the Gr€uneisen parameter, G ¼ bv2s

Cp
, are related to the initial pressure strength. The SNR for the acoustic peaks detected

with 2-stage amplification (for single beam pulse mode) are recorded at 2 depths for a 0.5 MHz and a 2.25 MHz transducer.
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satisfied the Rose criterion SNR for all acquisitions using
the 0.5 MHz transducer.

Single-pulse XACT signals can provide information on
the dose distribution or shape of the treatment field. This
is observed in Fig. 3c for XACT in oil from square fields
with sides of 1 cm, 3 cm, and 6 cm. The distance between
the transducer and the isocenter is maintained, so increas-
ing the field size on Y-direction causes one edge of the
field to move closer to the transducer as the opposite edge
moves away. Therefore, the temporal position of the sec-
ond peak becomes delayed and attenuated. Simulta-
neously, varying the X-dimension modifies the acoustic
amplitude because the number of pressure sources are
increased along that field edge.
2D XACT dose images from single-pulse
acquisition

Two-dimensional XACT images were obtained from
simple backprojection of the processed single-pulse
acoustic signals. The intensity profile of the reconstructed
5- £ 5-cm2

field in water is displayed for Fig. 4a. Grain-
like artifacts are observed for the background region sur-
rounding the field; this is attributed to the low SNR in
water. The intensity profiles show that flatness is better
preserved in oil in Fig. 4b, whereas for water there are
signs of inhomogeneities in the central region. The full-
width half maximum of both intensity profiles is close to
the actual field size: 5.10 £ 4.88 cm2 in water and
5.05 £ 4.97 cm2 in oil. However, the penumbra has a
sharper gradient in the single-pulse image for oil. In simi-
larity to clinical dose profiles, these profiles show the dis-
tinctive horns on the lateral edges, which can be observed
in typical lateral beam profiles at similar depths. Figure 4c
shows the reconstruction from a pyramid multileaf colli-
mator plan for field sizes of 3 cm and 5 cm. The XACT
images did not show the higher intensity that FFF-beam
energy profiles have at the central region. This is a limita-
tion of the simple backprojection reconstruction.
XACT of the photon field and a high-density
target with a higher frequency transducer

Single-pulse XACT reconstruction from a higher fre-
quency transducer was tested: a cylinder rod of cerrobend
metal with length of 4 cm and diameter of 7 mm was
placed at the isocenter of a 5- £ 5-cm2

field. The time
domain signal is shown in Fig. 5a. To compare the 2



Figure 4 The beam’s flatness and symmetry are represented with 2-dimensional x-ray−induced acoustic computed
tomography (XACT) intensity profiles. (a) Field (5 £ 5 cm2) in water using single-pulse acquisition mode. (b) Field
(5 £ 5 cm2) in vegetable oil using single-pulse acquisition mode. The reconstruction full-width half maximum (FWHM)
of the profiles is 5.10 £ 4.88 cm2 in water and 5.05 £ 4.97 cm2 in oil. The penumbra, defined by the fall-off region from
80% to 20% intensity, has a sharper gradient in the single-pulse image for oil. Similar to clinical profiles, these XACT-
based profiles show the distinctive horns on the lateral edges, which can be observed in typical lateral beam profiles at sim-
ilar depths. (c) Two-dimensional XACT of multileaf collimator−pyramid plan, with representation of 3 cm and 5 cm field
sizes. However, both acquisitions did not show the higher intensity that flattening filter-free beam energy profiles have at
the central region, which is a limitation of the simple backprojection reconstruction.
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transducers, the normalized frequency spectrum of single-
pulse XACT using both transducers is shown in Fig. 5b.
The spectrums show the XA signal predominates around
30 kHz; however, there is considerable uptake at 150 kHz
and 300 kHz, which can provide additional information
about the object in the field. In general, adding the pres-
ence of a high-density material can result in higher fre-
quency signal components. The frequency spectrum of
XACT is dependent on the specific geometry and proper-
ties of the high-density material, the x-ray energy, field
shape, dose rate, and the acoustic properties of the
medium. Finally, Fig. 5c illustrates the image reconstruc-
tion of the field and the cerrobend rod. The profile pre-
sented a distortion due to the metallic rod causing the
full-width half maximum to be reduced compared with
the previous result in Fig. 4b.
XACT linear response

A linear response was obtained by measuring the
intensity of the acoustic peak as the transducer descended
in the water tank up to 12 cm. The peak-to-peak voltage
was normalized to the clinical percent depth-dose from
the treatment planning software. Five measurements were
made to obtain a mean and standard deviation for the sin-
gle-pulse XACT. Similarly, mean values were obtained
using 512 averages for comparison (Supplementary mate-
rial).
Discussion
Acoustic imaging with x-rays has shown great poten-
tial as an in vivo dosimetry tool for radiation therapy. The
ability to monitor and visualize radiation dose in real time
using XACT could greatly improve the accuracy and pre-
cision of radiation delivery. However, current radiation-
acoustic systems are limited by low SNR, which limits
their potential: obtaining high SNR from a single beam
pulse is the foundation for real-time acquisition. Each
beam pulse has a particular amount of dose and distribu-
tion within the patient, and the collection of pulses consti-
tutes the treatment beam. Even with the development of
fast reconstruction algorithms or large element trans-
ducers, high SNR is still required for reconstructing dose
of individual pulses in real time. Toward this goal, this
work demonstrates that XACT can achieve 2D images of
photon fields from a single linac beam pulse with sub-
mGy sensitivity.

XACT imaging using a single pulse is challenging in
water due to its low Gr€uneisen parameter, resulting in
lower SNR. However, in a clinical setting, tissues produce
varying acoustic intensities under the same radiation
beam19 because of their specific Gr€uneisen parameter and
densities. Previous studies have experimentally deter-
mined Gr€uneisen parameters for various biologic tissues
such as lipids, serum, red blood cells, fat, and bone.20 This
work used vegetable oil as a surrogate for fatty tissue, and
results show that XACT from oil has 1.5 times greater



Figure 5 Single-pulse x-ray−induced acoustic computed tomography (XACT) with a 2.25 MHz central frequency trans-
ducer. (a) Single-pulse XACT using a higher frequency transducer. Despite possessing low sensitivity for the kHz range of
the XA waves, using 2-stage amplification with sufficient gain and filtering allows for increased signal-to-noise ratio. (b)
The frequency spectrum for both transducers possesses sensitivity uptake prominent at 20 kHz to 30 kHz; however, there
is considerable uptake at 150 kHz and 300 kHz for the 2.2 MHz transducer. (c) The 2-dimensional XACT reconstruction
with a cerrobend rod at the isocenter of a 10 MV flattening filter-free field. Abbreviation: FWHM = full-width half maxi-
mum.
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SNR than water for single-pulse acquisitions. Since
human tissues possess a larger Gr€uneisen parameter than
water, high-signal averaging may not be necessary.

To implement XACT for in vivo dosimetry, transducers
must be positioned strategically to avoid treatment fields.
The transducers can be placed at the patient’s CT simula-
tion to design treatment plans that do not interfere with
XACT/US acquisition.12,18 However, this can be challeng-
ing in some cases, such as modulated arc therapy. Single-
element transducers cannot reconstruct 2D/3D
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information unless they scan around the patient, and a
ring-type array may have reduced acquisition time but can
be difficult to fix around the patient.21 To progress to a
clinical setting, further studies have to be performed for
tissue-mimicking phantoms to characterize the quality of
XACT signals. XACT/US systems should consider the
medium’s acoustic properties and adjust their amplifier
gain and filtering to increase signal quality. Thus, a bidi-
mensional transducer array capable of performing single-
pulse XACT in synergy with dual ultrasound acquisition
for coregistration should be developed and tested in the
future.

XACT can be used to monitor treatments where there
is a risk of high dose spread from the target volume to
normal tissue, particularly stereotactic body radiation
therapy treatments with FFF photon energies. Depending
on the agreement between intrafractional anatomy and
delivered dose imaging, there could be plan readaptation
for subsequent fractions. Another promising application
is dosimetry for FLASH therapy,16 where beam pulse
structure is striving toward ultrashort high dose rates.
XACT can potentially solidify its position as a dosimetric
tool for FLASH therapy as higher dose per pulse can con-
siderably increase SNR, and the shorter beam pulse can
improve spatial resolution. A recent study reported the
experimental demonstration of XACT of a high-resolu-
tion target using a single pulse of 50 ns, achieving a reso-
lution of 0.97 mm, exhibiting the growing benefits of
these ultrafast radiation pulses.22

An alternative to enhance to acoustic signal involves
photoacoustic contrast agents or gold nanoparticles,
although this has been studied toward proton-induced
acoustics for range verification.23 Using high-density
markers can improve the SNR. In this work, we aimed to
show that even high-frequency transducers, which are far
from the range of the XA effect (tens of kHz), can perform
single-pulse XACT with targets in the field. The introduc-
tion of a high-density object can generate an increase in
SNR and alter the spectrum of detected frequencies. We
were able to reconstruct an image of the field at the same
time as the cerrobend rod at the isocenter. Potentially,
XACT/US systems can be further adapted to image radia-
tion dose along with fiducial markers, such as in prostate
cases, for real-time monitoring.

Finally, it is worth noting that this work was performed
in early-stage conditions using a simple backprojection
reconstruction method. For accurate dose reconstruction,
the algorithm requires information about acoustic propa-
gation in heterogeneous medium, physical modeling of
the transducer, and the machine beam source. In future
research, model-based algorithms24 can take advantage of
single-pulse XACT to progress toward real-time quantita-
tive dosimetry.
Conclusion
This work demonstrated the feasibility of obtaining
XACT dose images from a single linac beam pulse. The
XA signal SNR depends on multiple factors such as the
amplification stages of the detection system, the character-
istics of the beam pulse, and the acoustic properties of the
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irradiated medium. Further development of single-pulse
XACT array systems will be crucial for real-time monitor-
ing in the clinic and further studies will require character-
izing acoustic signals from heterogeneous media.
Supplementary materials
Supplementary material associated with this article
can be found in the online version at doi:10.1016/j.
adro.2023.101239.
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