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Abstract
Background: Radiation dosimetry is essential for radiation therapy (RT) to
ensure that radiation dose is accurately delivered to the tumor. Despite its wide
use in clinical intervention, the delivered radiation dose can only be planned and
verified via simulation. This makes precision radiotherapy challenging while in-
line verification of the delivered dose is still absent in the clinic. X-ray-induced
acoustic computed tomography (XACT) has recently been proposed as an
imaging tool for in vivo dosimetry.
Purpose: Most of the XACT studies focus on localizing the radiation beam.
However, it has not been studied for its potential for quantitative dosimetry. The
aim of this study was to investigate the feasibility of using XACT for quantitative
in vivo dose reconstruction during radiotherapy.
Methods: Varian Eclipse system was used to generate simulated uniform and
wedged 3D radiation field with a size of 4 cm × 4 cm. In order to use XACT
for quantitative dosimetry measurements, we have deconvoluted the effects of
both the x-ray pulse shape and the finite frequency response of the ultrasound
detector.We developed a model-based image reconstruction algorithm to quan-
tify radiation dose in vivo using XACT imaging, and universal back-projection
(UBP) reconstruction is used as comparison. The reconstructed dose was cal-
ibrated before comparing it to the percent depth dose (PDD) profile. Structural
similarity index matrix (SSIM) and root mean squared error (RMSE) are used
for numeric evaluation. Experimental signals were acquired from 4 cm × 4 cm
radiation field created by Linear Accelerator (LINAC) at depths of 6, 8, and 10
cm beneath the water surface. The acquired signals were processed before
reconstruction to achieve accurate results.
Results: Applying model-based reconstruction algorithm with non-negative
constraints successfully reconstructed accurate radiation dose in 3D simulation
study. The reconstructed dose matches well with the PDD profile after calibra-
tion in experiments. The SSIMs between the model-based reconstructions and
initial doses are over 85%, and the RMSEs of model-based reconstructions are
eight times lower than the UBP reconstructions.We have also shown that XACT
images can be displayed as pseudo-color maps of acoustic intensity, which
correspond to different radiation doses in the clinic.
Conclusion: Our results show that the XACT imaging by model-based recon-
struction algorithm is considerably more accurate than the dose reconstructed
by UBP algorithm. With proper calibration, XACT is potentially applicable to the
clinic for quantitative in vivo dosimetry across a wide range of radiation modali-
ties. In addition, XACT’s capability of real-time, volumetric dose imaging seems
well-suited for the emerging field of ultrahigh dose rate “FLASH” radiotherapy.
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1 INTRODUCTION

In radiation therapy (RT), ionization radiation is used to
damage malignant cells.1 To minimize damage to the
peripheral normal tissue bed, treatment planning pro-
tocols are developed under image guidance to ensure
conformal delivery of the dose.Typically,this involves the
superposition of computed tomography (CT) and mag-
netic resonance (MR) images for treatment planning
purposes.2 However, most treatment plans are gener-
ated using pre-acquired CT images, which may not
accurately represent the delivered dose as they cannot
account for real-time information.3 During each frac-
tion of treatment, uncertainties in patient setup, tumor
shrinkage, organ motion, and variable machine output
can affect the actual dose delivered to the tumor and
healthy cells.4,5 The tumor may not be effectively treated
if limited dose is received, and healthy organs may
be damaged if excessive dose is received. Recently,
ultra-high dose rate (FLASH) radiotherapy6 has become
popular for its capability to spare normal tissue toxici-
ties while maintaining iso-effective tumor kill. However,
the very high rate of dose delivery makes it even more
imperative to precisely monitor the dosimetry during
treatment and requires new techniques,such as the one
described here for radiation dosimetry.

On-board cone-beam CT (CBCT) was mostly used
in the clinic to evaluate pre-treatment patient setup.7

However, CBCT images are acquired before the treat-
ment starts and cannot account for the intra-fraction
tumor motion. Various in vivo radiation dosimetry tools
were developed to measure the real-time dose dur-
ing treatment.8 By capturing real-time in vivo images
of the delivered dose, a patient’s treatment plan may
be “adapted” over the course of treatment to reflect
the changes in the patient and/or tumor anatomy.9,10

Electronic portal imaging device (EPID) has been con-
sidered to be capable of 3D in vivo dosimetry. However,
the LINAC gantry needs to be rotated in different angles,
making 3D real-time EPID images very challenging. In
addition, EPID’s detectors are usually made of high
atomic number (Z) material, making the response of
EPID differ from ion-chamber measurements.Neverthe-
less, factors like radiation field size and patient-to-EPID
distance will affect the mapping of EPID dose to ion-
chamber dose.10–12 In Thermoluminescence detectors
(TLDs) and optically simulated luminescence (OSL)
were widely used to measure the radiation dose by
detecting luminescence light.13 However, TLDs/OSLs
are generally used by placing detectors on the patient’s
skin near the treatment area and are invasive tech-
niques. Furthermore, they can only measure the dose

received at a single point and do not report relevant tar-
get dose information. Therefore, the implementation of
adaptive radiotherapy is limited by the lack of a real-
time monitoring device that can accurately measure the
delivered dose in vivo non-invasively.

In 2013, x-ray-induced acoustic tomography (XACT)
was first proposed for biomedical purposes.14 In XACT
imaging, pulsed x-rays excite the target, resulting in
rapid localized heating (<mK). The abrupt temperature
increase leads to thermoelastic expansion that causes
differential pressure distribution.15,16 The local pressure
difference causes the emission of a detectable acous-
tic wave in the ultrasound regime.17,18 The amplitude of
the acoustic signal is proportional to the deposited heat
energy, making it a potential tool for radiation dosime-
try. Furthermore, the induced x-ray acoustic (XA) wave
will propagate in all directions and can be detected at
various transducer positions.Various research has been
conducted to investigate the feasibility of using XACT
for 3D real-time radiation dosimetry,19–22 as its numer-
ous advantageous characteristics make it a promising
technique for water tank dosimetry applications. XACT
depends on the dose deposited per pulse, meaning
energy and dose rate can be considered independent.
Also, XACT does not perturb the radiation beam pro-
vided the transducers are placed outside the beam
path.19 These features of XACT simplify calibration
and eliminate the need for correction factors, which
are required by other dosimetry techniques.23 Unlike
conventional diagnostic acoustic imaging techniques
that image the structure of tissue,24 the aim of XACT
dosimetry is to image the acoustic sources induced
by the x-ray dose deposition within the patient. Thus,
quantitative in vivo dosimetry could be possible using
XACT imaging if the parameters are properly mod-
eled, and if the transducer and amplification system are
well calibrated and characterized. However, the current
limitations in XACT imaging make it impossible to quan-
titatively reconstruct dose.14,19,21 One of the challenges
in XACT imaging is the relatively long pulse duration
(∼4 µs), which would affect both the signal generation
efficiency and imaging resolution.25,26 Deconvolution of
the detected transducer signals from the LINAC pulse
shape could be an effective approach to resolve this
problem.27 Another key challenge of XACT is its sen-
sitivity to detecting small amplitude acoustic waves.28

Improvements in detection amplification will be nec-
essary to accurately image radiation fields without
the need for excessive signal averaging. Additionally,
deconvolution of the transducer’s frequency response
can further improve signal detection accuracy.27,29,30

More sophisticated signal processing and image
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6896 TOWARDS QUANTITATIVE IN VIVO DOSIMETRY

reconstruction techniques are expected to be useful for
obtaining accurate XACT image reconstruction. Itera-
tive time-reversal (ITR) algorithm has been proposed to
quantitatively reconstruct dose information, but it lacks
experimental validation and cannot model the char-
acteristics of different transducers, such as reception
angles.20

In this study, we mathematically modeled the gener-
ation and propagation of XA signals to quantitatively
reconstruct 3D dose information.31 We have deconvo-
luted the effects of both the x-ray pulse shape and the
finite frequency response of the ultrasound detector27

to improve the accuracy of XACT image reconstruction.
Both 3D simulations and experimental measurements
have been performed for quantitative dosimetry. Pre-
vious in vivo dosimetry tools could only get dose
information for skins or relative dose information for
tumors.8 Here, we propose to use XACT to reconstruct
3D quantitative dosimetry,which can potentially be used
to monitor the dose received by tumor during treatment.
We validated the XACT reconstruction results with both
simulation data and experimental data.

2 MATERIALS AND METHODS

2.1 Generation and propagation of
x-ray induced acoustic wave

In XACT,x-rays will cause temperature rise in its absorb-
ing target, which will lead to the generation of acoustic
signals. The generation and propagation of XA signal
under the assumptions of thermal confinement and zero
acoustic attenuation can be expressed as:(

∇2 −
1
c2

𝜕2

𝜕t2

)
p

(⇀

r , t
)
= −

𝛽

Cp

𝜕H
(⇀

r , t
)

𝜕t
(1)

where p(
⇀

r , t) denotes the acoustic pressure at loca-

tion
⇀

r and time t, c is the speed of sound,𝛽 is the
thermal expansion coefficient, 𝐶𝑝 denotes the target’s

heat capacity at a constant pressure, and H(
⇀

r , t) is the
heating function.

The heating function H is related to the deposited
dose per unit time,1 D and can be written as:

H = 𝜂th D𝜌 (2)

where 𝜂th is the percentage of dose energy con-
verted into thermal energy and 𝜌 is the density of the
absorption target. Thus, Equation (1) can be rewritten
as:

(
∇2 −

1
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𝜕2
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)
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r , t
)
= −
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)

𝜕t
(3)

The dose deposited by the pulsed radiation will
cause an abrupt increase in temperature.The right-hand
side of Equation (1) represents the thermal expansion
caused by the temperature rise. The thermal expan-
sion then becomes the source of acoustic wave, and
its propagation is modeled by the left-hand side of
Equation (1).

2.2 Acoustic forward problem

The forward model deals with the prediction of the
acoustic fields dominated by Equation (3). The solution
to Equation (3) is given by32:

p
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(4)

where Γ(c2𝛽∕Cp) is the Gruneisen parameter. S′(t)
denotes a spherical surface that all points on the sur-

face satisfy |⇀r − ⇀

r
′| = ct. If the problem is 2D, S′(t) will

reduce to a curved line that satisfies the same condition.
For a certain absorption material, the density, absorp-

tion rate, and Gruneisen parameter are constant
values.20 Therefore, we can let Φ =

Γ𝜂th𝜌

4𝜋c
, which is a

constant (unit kg ⋅ s∕m4) that only depends on material
types, and Equation (4) can be further simplified as:

p
(⇀
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= Φ

𝜕
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(5)

To analytically solve the equation,discretization31 was
performed by approximating surface S′(t) by a set of
N points that are equally distributed according to space
angles. Equation (5) can then be rewritten as:

p
(
⇀

r , t
)
∕Φ =

I (t + Δt) − I (t − Δt)
2Δt

(6)

where I(t) is the discretized integration of D(
⇀

r
′

, t), and
can be expressed as:

I (t) =

N∑
l = 1

D
(

⇀

r
′

l , t
)

d𝜃 (7)

By combining Equations (6) and (7), the pressure

at transducer position
⇀

r i and time tj p(
⇀

r i , tj) can be
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expressed as a linear combination of the absorbed dose

at positions
⇀

r
′

l:

p
(⇀

r , t
)
= Φ

N∑
l = 1

ai,j
l D

(
⇀

r
′

l , t
)

(8)

where ai,j
l are the linear interpolation coefficients that

were used to obtain D(
⇀

r
′

l , t).
With Equation (8), the acoustic forward problem can

be modeled as

p = ΦMD (9)

where p is the pressure signal, M is the model matrix
constituted of ai,j

l , and D is the initial dose distribution
map.

2.3 Image reconstruction

The back-projection (BP) algorithms are commonly
employed because of their simplicity and easy
implementation.32,33 However,BP reconstruction comes
with many inaccuracies in quantification reconstruc-
tions due to the limited transducer reception angle and
the loss of low-frequency information.34–38 Therefore,
to reconstruct dose information with higher accuracy,
model-based reconstruction was employed in this study,
and universal back-projection (UBP) reconstruction was
used as a comparison.

The model-based reconstruction is based on the
model matrix M computed in Section 2.2. M only
depends on the geometry of the system setup and the
characteristics of the material. Therefore, XACT image
reconstruction is performed by minimizing the mean
square difference between the theoretical pressure p
and the measured pressure pm:

Dsol = arg min
D≥0

‖pm − MD‖2 (10)

where Dsol is the reconstructed dose map. As the
reconstructed dose cannot be negative. we applied
non-negative constraints D ≥ 0 to eliminate negative
values for the reconstructed dose map.39 The non-
negative constraints were lifted when investigating the
shape of the field and applied when doing quantitative
reconstruction. The solution of Equation (10) is given
as40:

Dsol =
(
MTM + 𝜆2 RTR

)−1
MTpm (11)

where R is the regularization matrix and 𝜆 is the
parameter for the regularization. In our study, we use
an identity matrix for R as Tikhonov regularization.
Since matrix MTM + 𝜆2 RTR is a large sparse matrix,

MATLAB LSQR41 function was implemented to calcu-
late the approximate inverse matrix of MTM + 𝜆2 RTR.

2.4 3D dose simulation

Simulation studies were first performed to test the feasi-
bility of using XACT for quantitative dose reconstruction.
To simulate dose distribution, we first generated a 4
cm × 4 cm uniform square radiation field in water using
the Varian Eclipse system.42

As XA signals propagate in the form of spherical
waves, we set up a 3D cylindrical transducer array to
receive full-view signal. Figure 1 shows the setup for the
3D cylindrical array simulation.Figure 1a shows the hor-
izontal view of the simulation setup. The radius of the
cylinder is 9 cm and the center is set to be the radiation
field’s center. Ninety transducers are arranged as a cir-
cle on one horizontal plane with an interval of roughly 5
mm. Figure 1b shows the vertical view of the simulation
setup.There are 40 horizontal planes equally distributed
from the water surface to 20 cm depth under the surface
with 5 mm intervals to match with the ring array trans-
ducer interval.Therefore,the cylindrical transducer array
has 3600 transducers in total.No transducer is placed on
the top and bottom of the cylinder as it would block the
x-ray beam.

To account for an acquisition scenario from a real
transducer, we implemented the angular directivity43 in
our forward signal simulation. The reception cone is
shown in Figure 1b and its angle was calculated to be
20◦ based on the Olympus technical note.44 The simu-
lation signal was generated using the method described
in Section 2.2.The accuracy of the generated signal has
been validated using the k-Wave toolbox in our previous
work.40

In addition to uniform dose field simulation, we also
generated a 4 cm × 4 cm wedged dose field using the
Varian Eclipse system.The wedge was chosen to be 45◦

to give a clear dose drop in the 4 cm field size.The same
simulation settings were used for this wedged field.

The simulated 3D signals were reconstructed using
both the UBP reconstruction and model-based recon-
struction described in Section 2.3. Both reconstruction
results are compared to the initial dose distribution
for analysis. For quantitative evaluation, we calculated
the structural similarity index matrix (SSIM)45 and root
mean squared error (RMSE)46 for selected 2D slices
from the 3D reconstruction. SSIM is used to evaluate
the structural similarity between the reconstructed dose
and original dose, while RMSE is used to evaluate the
quantitative difference.

SSIM is defined as

SSIM =
(2𝜇R𝜇I + c1) (2𝜎IR + c2)(

𝜇2
R + 𝜇2

I + c1
) (
𝜎2

R + 𝜎2
I + c2

) (12)
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6898 TOWARDS QUANTITATIVE IN VIVO DOSIMETRY

F IGURE 1 Illustration of 3D simulation
setup. (a) Horizontal view of the simulation
setup. Ninety transducers are distributed
equally on the circle with 4◦ angular interval.
The radius of the circle is set to be 9 cm (the
distance from transducer to the edge is 7 cm).
The radiation field is a 4 cm × 4 cm square. (b)
Vertical view of the simulation setup. The
transducer is moving from the water surface to
20 cm depth under the water surface with 5
mm interval to form a cylindrical array. The
reception cone of the transducer is set to be
around 20◦ according to the Olympus
technical notes.

where R and I denote the reconstructed images and ini-
tial dose distribution, respectively.𝜇R is an average of R,
𝜎2

I is a variance of I and 𝜎IR is a covariance of I and
R. There are two variables to stabilize the division, such
as c1 = (k1L)2 and c2 = (k2L)2 . L is a dynamic range
of pixel intensities. k1 and k2 are constants by default,
where k1 = 0.01 and k2 = 0.03. RMSE is defined as

RMSE =

√∑N
n = 1 (rn − in)2

N
(12)

where N is the number of pixels in the selected 2D slice,
rn and in are the values at pixel number n from recon-
structed images and initial dose distribution,respectively.
Both SSIM and RMSE are calculated using MATLAB
built-in functions.47,48

2.5 2D real signal simulation

It is impossible to put one transducer at 3600 differ-
ent positions to acquire 3D signal information as it
would take hundreds of hours, and the radiation field
would vary in day-to-day experiments.Therefore,we per-
formed a circular array simulation which can be carried
out clinically. The 2D simulation only uses 90 trans-
ducer signals on one horizontal plane to perform the 2D
reconstruction.

In addition, the simulated signal generated from the
forward method in Section 2.2 is an ideal signal with
infinite transducer bandwidth and infinite pulse duration.
However, in clinical experiments, the LINAC x-ray pulse
duration is about 4 ¯s and the transducer only has a nar-
row bandpass range. Both factors will largely affect the
shape and amplitude of the XA signal.

To simulate a realistic signal, we first generated a 4 ¯s
square x-ray pulse21 and performed the numerical con-
volution of the x-ray pulse with the XA signal generated
in Section 2.4 using Equation (13):

pconv (t) =

t∑
𝜏 = 1

p (𝜏) S (t − 𝜏) (13)

where pconv is the convoluted signal, p is the ideal sig-
nal from Equation (8), and S(t) is the LINAC x-ray pulse
width. All terms are discretized for analytical calculation.

A bandpass filter was then applied to the convo-
luted signal to simulate the signals that are detected
by limited bandwidth transducer. The frequency spec-
trum of the bandpass filter is a gaussian function with
a center frequency of 500 kHz and 100% bandwidth
for −6 dB. The frequency spectrum was applied to
the convoluted signal in the frequency domain using
Equation (14):

preal (t) = −1 (P (f ) × F (f )) (14)

where preal is the detected signal with limited bandwidth
transducer, P(f ) is the Fourier transform of pconv , and
F(f ) is the gaussian frequency spectrum.

In the final process of the signal, both low-frequency
random noise and high-frequency gaussian white noise
were added to the signal to simulate the real scenario.

To perform image reconstruction with the simulated
real signal, both low-pass and high-pass noise filters
were added to eliminate the noise. After applying the
filters, the frequency spectrum was divided from the
signal’s frequency domain and deconvolution of the x-
ray pulse width was performed to get the ideal signal.
The reconstructed doses are normalized using the PDD
profile to evaluate the reconstruction.

2.6 Experiment workflow

Experimental signals were acquired by irradiating a
water tank using a clinical radiotherapy LINAC (Varian
Medical Systems, Palo Alto, CA, USA). The radiation
beam was set to be a 10 MV flattening filter free (FFF)
photon beam produced by a True-Beam LINAC. The
dose rate of the LINAC was set to 2400 MU/min and
the repetition rate was 120 Hz. Figure 2 shows the
experimental setup. The water tank was placed on the
LINAC couch at a source-to-surface distance (SSD)
of 100 cm.
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TOWARDS QUANTITATIVE IN VIVO DOSIMETRY 6899

F IGURE 2 Photograph of experimental set-up. (a) Water tank
was placed on the LINAC couch. (b) The immersion ultrasound
transducer was set to be able to move in z direction inside the water
tank. The preamplifier and the data acquisition (DAQ) system are not
pictured in this photograph.

The scheme of the experimental setup is similar to the
illustration in Figure 1.We used an unfocused immersion
Olympus ultrasonic transducer with a central frequency
of 0.5 MHz and –6 dB bandwidth of 80%. The ele-
ment size of the transducer is 1.5 inches in diameter.
The transducer was placed 9 cm away from the isocen-
ter in the water and the radiation field was set to be
4 cm × 4 cm. The transducer was placed in the water
to avoid the acoustic impedance mismatch caused by
the water tank wall. This also suits non-invasive clinic
scenarios as acoustic gel will be applied between the
ultrasound transducer and the patient’s skin to avoid
acoustic impedance mismatch. Instead of rotating the
transducer in a circle, the LINAC collimator was rotated
360◦ with 4◦ angular intervals. By doing this, the back-
ground noise caused by the movement of water can be
greatly reduced.

The experimental signal was first processed accord-
ing to the procedures described in Section 2.5. before
doing the image reconstruction. Both UBP and model-
based reconstruction were performed for comparison.

3 RESULTS

3.1 3D quantitative dose simulation

The first simulation used a 3D transducer array to
demonstrate the capability of using XACT for dose
imaging. Figure 3a,d shows the horizontal and verti-
cal view of the generated initial dose distribution from
Varian Eclipse system. The representative horizontal
slice is taken at 6 cm depth. Figure 3b,e shows the
reconstructed UBP image while Figure 3c,f shows the
model-based reconstruction results. The model-based
reconstruction clearly has better image quality than the
UBP reconstruction. The model-based reconstructed
dose distribution map matches well with the initial dose
distribution map, which can also be seen in Table 1.

There are slight differences at the top and bottom of
the vertical image. This is because transducers at the
top and bottom have some parts of their reception
cones that lie outside the image range, which causes
inaccuracy in the reconstructed images.

Figure 4 shows the model-based reconstruction for
wedged field. In Figure 4b,e, there are some artifacts
around this non-uniform radiation field that do not exist
in the uniform field. This is because the signals received
by transducers on the same horizontal plane will have
different amplitudes and the limited reception angle of
the transducer will result in a limited-view problem in
this artifact area. Nevertheless, the reconstructed dose
quantity matches well with the initial dose distribution,
which can also be seen in the dose profile comparison
in Figure 4c,f and Table 1. In addition, the dose profiles
do not match well at the top and bottom of the radia-
tion field,which is the same problem as the uniform field
reconstruction caused by transducer reception cones
lying outside the image range.

3.2 2D real signal simulation

In the clinic, it is impossible to have a 3D transducer
array that covers the whole radiation field. Therefore,
the second simulation attempts to perform the dose
reconstruction in 2D using a circular array. In addition,
the XA signal is generated from the LINAC x-ray pulse,
which has a longer pulse duration than a laser and
cannot be seen as a delta pulse. In the 2D simula-
tion, these properties were taken into account, and the
simulated real signal was generated to match the exper-
imental signal. The ideal simulated signal is extracted
from the 3D simulation in Section 3.1. It is generated
with infinite bandwidth and x-ray pulse width. The signal
is convoluted with a 4 ¯s x-ray pulse and 0.5 MHz cen-
tral frequency response. 20 dB low- and high-frequency
noises are added to the signal. 20 kHz high-pass filter
and 200 kHz low-pass filter was first applied to eliminate
the noise. The signal was then divided by the same fre-
quency spectrum used in generating the simulated real
signal in the frequency domain. In the end, deconvolu-
tion with the 4 ¯s x-ray pulse was performed to get the
processed signal for reconstruction.

The ideal, real, and processed signals were then
used to reconstruct the XACT images to investigate the
effects of using different signals. Figure 5 shows the
comparison between the reconstruction results using
these signals. Figure 5a is the reconstructed image 6
cm under the water surface using the ideal simulated
signal. Despite some artifacts around the image caused
by the limited angular directivity of the transducer, the
reconstruction shows a clear shape of the radiation field.
However, the dose range of the reconstruction is differ-
ent from the initial pressure demonstrated in Figure 3a
because the simulated signal is generated in 3D while
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6900 TOWARDS QUANTITATIVE IN VIVO DOSIMETRY

F IGURE 3 Simulated 3D reconstruction. (a) Initial dose for horizontal plane at 6 cm depth. (b) Universal back-projection for horizontal plane
at 6 cm depth. (c) Model-based reconstruction for horizontal plane at 6 cm depth. (d) Initial dose for vertical plane at isocenter. (e) Universal
back-projection for vertical plane at isocenter. (f) Model-based reconstruction for vertical plane at isocenter.

TABLE 1 2D quantitative evaluation for simulation reconstruction.

Uniform field Wedged field
Horizontal plane at
6 cm depth

Vertical plane at
radiation center

Horizontal at
6 cm depth

Vertical plane at
radiation center

Model-based reconstruction

SSIM 0.863 0.890 0.869 0.893

RMSE 8.22 4.28 10.57 5.47

Universal back projection

SSIM 0.161 0.077 0.086 0.080

RMSE 66.01 33.63 53.90 30.95

Abbreviations: RMSE, root mean squared error; SSIM, structural similarity index matrix.

the reconstruction is performed in 2D. Figure 5b shows
the reconstructed image using the simulated real sig-
nal. The edge of the reconstructed radiation is blurry,
and the size of the radiation field is about 5 cm, which
is larger than the initial radiation field. This is because
the convolution of the 4 ¯s x-ray pulse enlarged the radi-
ation field by roughly 6 mm. Figure 5c shows the image
reconstructed from the processed signal. The limited-
angle artifact was enlarged due to the presence of noise
and the edge of the radiation field has a slight distortion.
Overall, the shape of the reconstructed radiation field is
satisfactory, and the range of the reconstructed dose is
similar to Figure 5a. Figure 5d shows the comparison
between the reconstructed dose and the LINAC PDD

profile. The 2D reconstructions were performed at vary-
ing depths of 4, 6, 8, 10, and 15 cm. The reconstructed
dose is normalized at a depth of 4 cm. The recon-
struction results align well with the PDD profile. The 2D
reconstruction results show that, in order to reconstruct
accurate radiation field, the detected real signal must be
processed before doing the reconstruction.

3.3 Experiment result

To test XACT’s capability of quantitative dosimetry in
the clinic, an experimental study using Varian LINAC
machine was performed. A ring array XA signal was
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TOWARDS QUANTITATIVE IN VIVO DOSIMETRY 6901

F IGURE 4 Simulated wedge reconstruction. (a) Initial dose for horizontal plane at 6 cm depth. (b) Model-based reconstruction for horizontal
plane at 6 cm depth. (c) Dose profile comparison for horizontal plane at 6 cm depth. (d) Initial dose for vertical plane at isocenter. (e)
Model-based reconstruction for vertical plane at isocenter. (f) Dose profile comparison for vertical plane at isocenter.

F IGURE 5 Comparison of reconstructed horizontal plane images at 6 cm depth using (a) ideal signal; (b) simulated real signal; (c)
processed signal; (d) comparison of the normalized reconstruct dose and the percent depth dose (PDD) profile.
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6902 TOWARDS QUANTITATIVE IN VIVO DOSIMETRY

F IGURE 6 (a) Acquired experimental signal with 1–300 kHz amplifier. (b) Processed experimental signal with background noise deducted
and x-ray pulse, frequency spectrum deconvoluted. (c) Background noise signal acquired at four different transducer positions: 0, 90◦, 180◦,
270◦. (d) X-ray pulse duration signal. (e) Frequency spectrum for experiment transducer (acquired from Olympus instrumentation test).

acquired from a single transducer by rotating the LINAC
head 360◦. Figure 6a shows the experimental sig-
nal acquired at 6 cm depth under the water surface.
The signal was acquired by averaging 512 pulses and
was amplified using a 1–300 kHz amplifier. Figure 6c
shows the background noises that are acquired with
the LINAC collimator fully closed. The amplitude of the
background noise in the figure cannot be neglected. In
addition, the background signals are acquired at four
different field angles. It’s observed from the figure that
the noises at different positions vary from each other.
Therefore,each background signal is deducted from the
original signal according to the time. Then, the LINAC x-
ray pulse duration and transducer frequency spectrum
were acquired experimentally and through documen-
tation, respectively. The signal with background noise
deducted was first denoised using 20 kHz high-pass
and 200 kHz low-pass digital filter. Figure 6d shows
the x-ray pulse duration file acquired by recording the
head wave generated by x-ray directly hitting the Olym-
pus transducer.This pulse signal was deconvoluted from
the denoised signal. Figure 6e shows the frequency
spectrum acquired from Olympus instrumentation test,
which was then divided from the deconvoluted signal in
the frequency domain. Figure 6b shows the processed
experimental signal. After processing, the XA signal
shape can be clearly observed in the processed signal
plot.

Both processed and unprocessed signals shown in
Figure 6 were used to reconstruct XACT image to verify
the effects of our signal processing procedures.Figure 7
shows the comparison of the reconstruction results
using the two signals. From the figure, it’s observed that
the relationship between signal unit mV and the real
dose is unclear. To address this, relative pressure was
used in the reconstruction results.Figure 7a is the unpro-
cessed model-based reconstruction. Only a shadow of
the radiation field can be seen in the center, which is
similar to the simulation result in Figure 5b. With the
processed signal, the reconstruction is much better in
Figure 7b. The UBP reconstruction using the unpro-
cessed signal shown in Figure 7c is strongly affected
by the high-frequency noise. There are some improve-
ments in the UBP reconstruction using the processed
signal in Figure 7d, but artifacts still exist in the center
of the radiation field. Therefore, the model-based recon-
struction algorithm outperforms the UBP algorithm in
this experimental study.

In order to see the quantitative dose reconstruction,
three signal sets at 6, 8, and 10 cm were acquired. The
reconstruction results are shown in Figure 8. Here, the
PDD profile was used to calibrate the relative pres-
sure, thus the results are shown in dose. High-quality
reconstructions were obtained for the strong signals
acquired at 6 and 8 cm. However, the signal at 10 cm
does not have good reconstruction results due to the
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TOWARDS QUANTITATIVE IN VIVO DOSIMETRY 6903

F IGURE 7 (a) Model-based reconstruction with unprocessed signal. (b) Model-based reconstruction with processed signal. (c)
back-projection (BP) reconstruction with unprocessed signal. (d) BP reconstruction with processed signal.

F IGURE 8 Model-based reconstruction at different depth (a) 6 cm; (b) 8 cm; (c) 10 cm. All three images are normalized using the value at
PDD location in 6 cm-depth image.

signal-to-noise ratio (SNR) being too small. Never-
theless, a good radiation field shape in the 10 cm
reconstruction is viewed. In addition, the reconstructed
dose decreases with the increasing transducer depth,
which matches the simulation results.

4 DISCUSSION

This work first investigated the feasibility of using
XACT for 3D quantitative dosimetry in vivo during RT.

A discretized mathematical model was employed to
simulate the generation and propagation of the XA
wave in Section 2.1. For the detection of XA signal,
the reception angle of the real transducer was used
instead of infinite angular directivity.20 For the recon-
struction of XACT images, previous work mainly used
BP algorithm.14,19,21,49 However, BP algorithm is over-
simplified as it only sums the radial projections for each
transducer, which cannot quantify the dose. Therefore,
model-based algorithm31 was used to better reconstruct
the quantitative dose information.
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6904 TOWARDS QUANTITATIVE IN VIVO DOSIMETRY

Because the acoustic wave propagated spherically, a
3D cylindrical transducer array was set up to acquire
the acoustic signals from all directions. A 4 cm × 4
cm radiation field was used in the simulation as the
head wave effect in 1 cm × 1 cm radiation field needed
additional processing. The standard 10 cm × 10 cm
radiation field was also not used as 90 transducers in
a ring array will cause sparse view problems for large
field size and increasing the transducer number in 3D
will increase the computational cost. The model-based
reconstruction results Figure 3c,f show that accurate
quantitative dose can be received if the 3D signal acqui-
sition scheme was used. It was also noted based on the
reconstructions that the upper and lower parts of the
reconstructed radiation field Figure 3c do not match with
the initial radiation field. However, this will not be a prob-
lem as dose information is not needed at the top and
bottom of the radiation field when applying XACT to the
clinic. In addition, the acoustic propagation in hetero-
geneous medium (patient body) will be much different
from homogeneous medium (water tank). The attenua-
tion,reflection,and refraction of the acoustic waves need
to be taken into account. In our previous study, simula-
tions were completed to account for these effects.50 For
patient study feasibility, X. Wang and I. El Naqa’s group
demonstrated that with LINAC x-ray beam, relative dose
distribution field can be reconstructed.51 However, they
pointed out that their methods mostly image the edges
of the radiation field, and better algorithms are needed
to get quantitative dose information.

As it is still not feasible to use large 3D cylindrical
arrays in real clinic applications, a circular array simu-
lation was done to get 2D dose images. However, the
reconstructed dose was different from the initial dose
distribution for the representative plane. This is because
the XA signal propagates in 3D, and 2D transducer
array can only get partial signals. Therefore, calibration
is needed to acquire quantitative dosimetry. PDD at 6
cm depth was used to calibrate the reconstructed dose
at the corresponding 2D plane. After the calibration, the
quantified dose matches well with the PDD profile.

For the experimental study, we rotated the LINAC
head 360◦ instead of rotating the transducer. This strat-
egy can avoid water motion caused by rotating the
transducer in the water tank. However, acquiring data
from 90 radiation field positions can be time-consuming
and the LINAC output can vary from time to time.
Therefore, background signals are acquired at differ-
ent experiment time points to lower the effects of the
background noise. In addition, we chose to place the
transducer 9 cm away from the center of the radiation
field to avoid the head wave caused by the x-ray directly
hitting the transducer, which can be viewed in Figure 6.
Although the head wave may still affect the signal at 9
cm distance, it cannot be moved further as tests show
that the SNR will decrease rapidly after 9 cm. When
deciding the imaging plane, signals deeper than 4 cm

were selected because the single Olympus transducer,
which has an element size of 1.5 inches diameter, had
to be fully immersed. Additionally, the reception angle of
the transducer needs to be considered to make sure that
all parts of the reception cone lie within the radiation
field, which needs another 2 cm. Therefore, the highest
transducer position should be 3.5 cm depth.

Different from traditional photoacoustic imaging, the
LINAC x-ray pulse has a pulse duration of 4 µs,
which will affect the size of the reconstructed radia-
tion field. After deconvoluting the LINAC x-ray pulse
duration and transducer frequency spectrum from the
experimental signal, the reconstruction result (Figure 8)
accurately localized the radiation field and displayed
uniform dose distribution in the center of the radia-
tion field. However, these results were taken by only
using novel deconvolution methods provided by MAT-
LAB. More precisive deconvolution methods, such as
deep learning method,52 can further enhance the sig-
nal and make the reconstructed radiation field more
uniform. Moreover, from frequency spectrum analysis,
with a 4 cm × 4 cm radiation field, the main frequency
for the acquired signal lies around 100 kHz, even with
a 500 kHz center frequency transducer. However, we
do not currently have a transducer that has a center
frequency of 100 kHz. Therefore, as was described in
Section 3.3, a 1–300 kHz amplifier was used to the
system to amplify the signal. Consequently, the spa-
tial resolution of the reconstructed dose will degrade
due to loss of high frequency signal. According to Jun
X’s53 paper, the minimum obtainable resolution for 300
kHz is 2.5 mm, which is set to be the resolution of the
reconstructed dose.

In addition, though quantitative dose reconstruction
is achieved, absolute dosimetry information cannot be
received directly from the reconstruction as calculations
for the relationship between signal amplitude (mV) and
dose (Gy) cannot be done. To get the absolute dose
information, the measured signal amplitude needs to
be matched to the machine output, which is calibrated
using TG5154 at a depth of 10 cm for a goal of 1 MU
= 1 cGY. If the machine output per pulse is a constant
value, then the total number of pulses can be counted
to determine the total dose delivered at different depths
using PDD curve. From the reconstructed images for
different depths (Figure 8), the dose is decreasing with
depth increasing. However, the reconstructed dose can-
not match the PDD profile well after the calibration due
to noise effect.This is because the main frequency com-
ponents are mostly under 200 kHz, which is outside our
transducer’s bandwidth, making the signal to noise ratio
not ideal. A better match between the XA signal and
detector would improve the SNR. In addition, we rotated
the radiation field to mimic a ring array,which took a long
time and the noise pattern at different times can vary.
Instead, implementing a transducer array can improve
the SNR. In Zhang et al.,51 they achieved high SNR
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TOWARDS QUANTITATIVE IN VIVO DOSIMETRY 6905

signals in liver with a planar transducer array that has
center frequency of 0.35 MHz. Hence, we will be able
to reconstruct dose more accurately in deeper fields by
improving SNR.

With the rapid development of RT, more com-
plex dose delivery plans are made, and higher
dose/fraction (hypofractionation regimens) and deliv-
ery rates (FLASH-radiotherapy) are now seeing more
rapid implementation. Therefore, the capability to accu-
rately perform real-time dosimetry will only enhance the
efficacy of precision radiotherapy. As the strength of
the XA signal is proportional to dose and propagates
spherically, XACT can potentially be used to monitor
the dose delivered to certain volume during treatment.
This is a particularly important feature, as dose deter-
mination for deep-seated larger volume tumors remains
a challenge. Furthermore, because the XACT tech-
nique is non-invasive, it is easy to implement, and
transducers can be placed around the patient during
radiotherapy with no disruptions to treatment proce-
dures. This technology dovetails well with the emerging
field of ultra-high dose rate FLASH radiotherapy, where
real-time dosimetry will enable improved conformality
across all three (electron, photon, proton) FLASH plat-
forms in use today. However, to apply XACT to the
clinic, we need to build a complete data acquisition
system to recover optimized XA signals from the sys-
tem gain and background noise. Our group is currently
investigating a new XACT system to get strong and
noise-free signals. In addition, traceable calibration is
needed for the XACT to get absolute dose.The PDD pro-
file used in this study is an efficient tool for calibration.
Furthermore, this study used a full-view data acquisi-
tion scheme to reconstruct accurate XACT images in
water. However, it is often impractical to employ full-view
acquisition in the clinic, and the patient anatomy struc-
ture will introduce complex heterogeneous problems to
the reconstruction. New reconstruction algorithm with
practical transducer arrays, such as transperineal pla-
nar arrays, are currently under investigation for clinical
translation.

5 CONCLUSIONS

The capability of using XACT for quantitative in vivo
dosimetry was demonstrated through this simulation
study. A model-based algorithm was applied to an
XACT modality, which showed better performance than
a UBP algorithm in the reconstruction of quantita-
tive dose information. Furthermore, we demonstrated
that the experimental XA signal can be used for dose
reconstruction if calibrated.XA imaging has great poten-
tial to be used as a quantitative dosimetry tool in
RT as well as across any modality used in current
practice.
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