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Abstract 

Purpose: To study, using phantoms made from biological tissues, the feasibility and practical 

challenges of monitoring the position of the radiation beam and the deposited dose by X-ray 

acoustic computed tomography (XACT) during external beam radiotherapy delivery. 75 

Methods and Material: A prototype XACT system with a single immersion ultrasound 

transducer, which was positioned around the target sample driven by a motor-controlled rotation 

stage, was used to acquire the X-ray acoustic (XA) signals produced by a medical linear 

accelerator (Linac) to form an XACT image of the irradiated phantom. To investigate the 

feasibility of XACT in tracking the position of radiation dose, a large piece of veal liver with 80 

embedded fat tissue was imaged and beam misalignments were measured. Next, we explored the 

sensitivity of XACT in monitoring and quantifying the delivered dose, in which a block of 

porcine gel was embedded with equally spaced lard cylinders and imaged. The doses on the lard 

cylinders modulated by physical wedges were quantified from the XACT image, and were 

verified by comparison to measurements from radiochromic films as the gold standard. Then, to 85 

simulate how XACT can perform in a targeted tissue in the human body, a porcine gel phantom 
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with lard cylinders covered by different materials (bone, muscle, and air gap, respectively) was 

also imaged.    

Results: The reconstructed XACT images of the phantoms show congruence with the boundaries 

of the beam field and the interfaces between the different tissue materials. The beam 90 

displacement from the target was tracked properly by the reconstructed XACT images. An 

intensity difference as small as 2.9% in delivered dose region can be measured from XACT 

images (� = 0.02) . The intensities of XACT images were highly correlated to the film 

measurements with an R2

Conclusions: This study validated the feasibility of XACT in accurately obtaining relative dose 

maps of tissue-mimicking phantoms. XACT offers a practical method for verifying the beam 

position against the target and quantifying the relative dose delivered to the target during external 

beam radiotherapy.  100 

 better than 0.986. The expected variances of dose delivered to different 

target regions as a result of the difference in attenuation were successfully captured by the 95 

XACT images. 

Keywords: X-ray acoustic computed tomography, radiation dosimetry, photoacoustic imaging, 

ultrasound imaging, radiation therapy 

 

1 INTRODUCTION 

As one of the main treatment options for cancer, radiation therapy is received by roughly two-thirds 105 

of all cancer patients.1 It works by damaging the DNA of the cancer cells using high-energy beams of 

ionizing radiation.2,3 Primarily, clinical linear accelerators (Linac), which produce high-energy 

megavoltage photon or electron beams, are used to deliver ionizing radiation to patients from outside 

of the body during external beam radiotherapy (EBRT). Radiation damages affect not only cancerous 

tissues but also healthy cells. Therefore, the premise of radiation therapy is to optimize a strategy for 110 

maximizing the damage to cancer cells while minimizing the damage to the surrounding healthy 

regions. The demand for delivering the correct dose to the proper location inside patient’s body leads 

to more advanced treatment delivery techniques such as intensity modulated radiation therapy (IMRT) 

and volumetric-modulated arc therapy (VMAT).4-7 However, the complication due to organ 

deformations and respiratory motion still cannot be avoided.8,9 Therefore, involving a volumetric 115 
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form of in vivo dose measurement is necessary to assess clinically relevant differences in the 

delivered intensity and delivery location between the planned and the delivered radiation dose.  

Several techniques for real-time in vivo dosimetry are currently used to monitor the radiation dose 

delivery during EBRT,10,11 including silicon diodes,12,13 metal oxide semiconductor field effect 

transistors (MOSFETs),14,15 and electronic portal imaging devices (EPIDs).16,17 However, the silicon 120 

diodes and MOSFETs are point dosimeters, and the EPIDs are not accurate enough due to their exit 

dose nature and lack of sufficient sensitivity.11,18

Since the pulsed radiation beam produced by Linacs generates transient temperature rise in tissue 

after being absorbed, similar to photoacoustic imaging (PAI),

  

19 the acoustic waves induced by the 

high-energy X-rays, namely X-ray acoustic (XA) wave, could be detected by ultrasonic transducers. 125 

Recently, the detection of XA signals in clinical Linacs has been demonstrated and the XA computed 

tomography (XACT) imaging of a lead rod embedded in chicken breast tissue has been achieved.20 

Lately, the ability to form experimental XACT images in pure water in a variety of clinically relevant 

situations and to extract accurate dosimetric information from such images was also demonstrated.21,22 

Besides the studies working with high dose X-ray generated by Linacs, XACT imaging based on the 130 

kV X-ray excitations has been explored.23,24

2 MATERIALS AND METHODS 

 These results inspire us to further develop and assess the 

performance of XACT using more realistic soft-tissue phantoms. The goal of this study is to explore 

the feasibility of XACT in providing relevant feedback information by evaluating 1) the relative 

radiation dose delivered to the target tissue, and 2) the dose delivery position in relation to the target 

tissue.  135 

2.1 X-ray induced acoustic wave generation 

In the process of X-ray absorption, the MVs X-ray photon produced by Linacs interacts with an outer-

shell orbital electron of an atom primarily through the Compton effect.25 The photon is scattered at 

some angle with reduced energy, while the orbital electron is ejected with kinetic energy equal to the 140 

difference between the energy of the incident and scattered photon. The scattered electron, now called 

the Compton electron, will propagate and scatter inside the medium and finally be reabsorbed to 

produce heat with a thermal efficiency ��ℎ:26 �(�, �) =  ��ℎ���(�, �) #(1)  
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where �(�, �) is the heat absorption rate at location � ∈ �� and time �, � is the mass density of the 

material, and ��(�, �) is the temporal dose rate during a single X-ray pulse. The temperature rise 145 

distribution �(�, �) due to the heat source term �(�, �) follows the equation:27

where �� is specific heat capacity, and � is the thermal conductivity. During a single X-ray pulse, the 

thermal diffusion distance ��ℎ can be evaluated by: ��ℎ = 2���ℎ��#(3)  

 

��� ��(�, �)�� = ��2�(�, �) + �(�, �)#(2)  

where ��ℎ is the thermal diffusivity (~ 0.15 ��2 �⁄  for soft tissue),28 and �� is the pulse duration 

which is around 3 − 6 ��  for clinic Linacs.29,30

Hence, the wave equation governing the generation and propagation of the X-ray induced acoustic 

pressure due to the temperature rise given by:

 The thermal diffusion distance is less than 2 �� 150 

during the excitation pulse, which is much smaller than the scale of spatial resolution considered in 

this study, and hence negligible. Therefore, Eq. (2) regarding temperature rise can be rewritten with 

the temporal dose rate by omitting the first term on the right-hand side: ��(�, �)�� =
��ℎ��(�, �) �� #(4)  

31

can be rewritten as: 

��2 − 1��2 �2��2��(�, �) = −�����ℎ��2�� ���(�, �)�� #(6)  

 155 

��2 − 1��2 �2��2��(�, �) = −����2 �2�(�, �)��2 #(5)  

where �� = ��� �⁄  is the velocity of sound, � is the volumetric thermal expansion coefficient, and �� is the isothermal bulk modulus. The solved XA pressure detected at the transducer position � and 

time � can be expressed by: 

�(�, �) =
1

4���2���′ 1

|� − �′|���ℎ� ����(�′, �′)��′ ��′=�−��−�′��� #(7)  

where � is the Grüneisen parameter defined as: 160 
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� =
������ #(8)  

2.2 Dose information from X-ray acoustic images 

Unlike the pulsed laser applied for PA imaging, clinic Linacs offer the excitation source with 

relatively long pulse duration of 3 − 6 ��, which makes it hard to satisfy the stress confinement 

(�� ∙ �� ≪ spatial resolution).19,31,32

where ��(�) = ��(�, �)��  is the local dose due to a single X-ray pulse. Meanwhile, the initial 

acoustic pressure �0(�) induced by X-ray excitation can be obtained by: 

�0(�) =
���ℎ��� ��(�)#(10)  

 By selecting a low frequency acoustic detection range, which 

leads to lower spatial resolution, the temporal profile of a single X-ray pulse can be treated as a Dirac 165 

delta function and Eq. (7) can be rewritten as: 

�(�, �) =
1

4���2 ������′ 1

|� − �′|���ℎ��� ��(�′)� �� − |� − �′|�� �#(9)  

Even though it is challenging to resolve quantitatively accurate initial acoustic pressure �0(�) from 

the acquired XA signals �(�, �),33

Therefore, the image of relative XA intensity �(�) will reveal 1) information about beam position and 

field shape during the dose delivery and 2) dose amount deposited to the target volume which may 

undergo different attenuations.  175 

 the pixel value inside the XA image is proportional to the local 170 

dose deposited per pulse. The correlation between the relative XA intensity �(�)  and the local 

deposited dose ��(�) can be described as: 

�(�) ∝  
���ℎ��� ��(�)#(11)  

2.3 XACT experimental setup 

Fig.1 shows the schematic diagram and the photograph of the prototype XACT system at our 

institution. A clinical radiotherapy Linac (TrueBeam™, Varian Medical systems) provided 6 MV 

photon beam pulses with 4 µs pulse duration, and operated at a dose rate of 800 MU/min. An 

unfocused immersion transducer (V301, Olympus-NDT) with central frequency of 0.5 MHz and –6 180 

dB bandwidth of 64% was driven by a computer-controlled stepper motor (MD2, Arrick Robotics) to 
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scan around the phantom inside the water tank. The transducer was used to detect the XA waves 

generated from the phantom and transmitted through water at each scanning position. The output of 

the transducer was amplified by the preamplifier (5660B, Olympus-NDT), which was set to a gain of 

60 dB with a bandwidth from 50 kHz to 2 MHz, and then recorded by a 14-bit digitizer card (Razor 185 

14, GaGe) inside a PC sited outside the treatment room. The acquisitions were triggered by the Linac 

target pulses sent out from the Linac console, and were operating at 10 MHz sampling frequency. To 

scan a 2D image, the transducer rotated along an entire circle (diameter 12 cm) around the phantom 

with a total of 120 equiangular steps. The measurement at each scanning position was averaged over 

660 pulses and the signal acquisition for a 2D image took about 10 minutes. To avoid the attenuation 190 

of the radiation beam passing through the rotation stage, the gantry was rotated by 180° so that the 

beam came from the bottom of the water tank. 

2.4 Image reconstruction 

The signals recorded at each scanning position were processed with a median filter before taking the 

average. A digital high-pass filter with cutoff frequency at 50 kHz was applied to remove DC and low 195 

frequency background drift inside the averaged signals, and a Savitzky-Golay denoising filter (order 

of 3, and window of 31) was applied to further smooth the signals before reconstruction. Then 2D 

XACT images on the scanning plane were reconstructed based on a simple filtered back-projection 

algorithm.34

2.5 Imaging of deposited dose 200 

 

To validate the feasibility of XACT in verifying the shape and the location of the X-ray field during 

treatment, a phantom containing two pieces of veal liver and one cuboid of fat was prepared, as 

shown in Fig. 2. A cuboid of tissue was removed from the larger piece of veal liver and replaced with 

the cuboid of fat (6 �� × 4 �� × 3 ��) as the target of treatment. All the tissues were fixed in a 

block of porcine gel (10g/100ml, G2500, Sigma-Aldrich).  205 

Before XACT imaging, an ultrasound (US) image of the phantom was acquired by compounding 12 

US B-mode images acquired around the phantom. The 12 B-mode images were scanned by a 

commercial system (Z.one, Zonare Medical Systems) and a phased array probe (P4-1, Zonare 

Medical Systems). To acquire images at different locations around the phantom, the probe was driven 

by the same rotation stage in the XACT system. With a 30° step size, 12 images were scanned along 210 

an entire circle around the phantom. In the experiment, the X-ray beam had a field size of 6 cm×4 cm, 

the same as the size of the fat cuboid in the imaging plane. Both the center layer of the phantom and 
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the scanning plane of the transducer were adjusted to satisfy a source-to-surface distance (SSD) of 

100 cm. For the first XACT imaging, the X-ray beam was aligned with the position of the fat cuboid, 

as shown by the Field #1 in Fig. 2 (B). To mimic the situation that the X-ray beam was off-target due 215 

to body motions or misplacement errors, the X-ray beam was shifted away from the target during the 

second XACT imaging, as shown by the Field #2 in Fig. 2 (B).  

2.6 Dose estimation 

To evaluate the sensitivity and accuracy of the XACT system in measuring the dose delivered to the 

target, a phantom with a row of 5 cylinders (diameter: 1 cm; height: 2 cm) made with lard and fixed 220 

inside porcine gel was prepared, as shown in Fig. 3. Three physical wedges with different attenuation 

slopes (15°, 30°, and 45°) were respectively added to the Linac aperture, and the differences in dose 

delivery to the 5 lard cylinders were measured by our XACT system. The center plane of the lard 

cylinders and the scanning plane of the transducer were adjusted to the same height with a 100 cm 

SSD and 10 cm above the bottom of the tank. Since the 5 lard cylinders were prepared with the same 225 

material, the difference in absorbed dose due to the material properties can be ignored. Therefore, the 

intensities in the XACT image can directly reflect the local doses at the 5 lard cylinders. For 

statistical analysis, 10 independent measurements were conducted for each of the three wedges. The 

dose distributions at the imaging plane were also recorded by radiochromic film for comparison and 

validation.  230 

Considering the complex situation inside a patient’s body during treatment, the radiation dose 

reaching the target volume may already experience different attenuations, especially when the beam 

passes through covering tissues containing cavities (less attenuation) and bones (more attenuation). 

This is another cause of the uncertainty in estimating the dose delivered to the target. To simulate this 

situation and validate the feasibility of XACT in measuring the local dose delivered in such a scenario, 235 

a phantom shown in Fig. 4 was prepared and imaged. Four lard cylinders (diameter: 1 cm; height: 2 

cm) were individually covered by a piece of bone (thickness: 0.9 cm), an air gap (thickness: 1.5 cm), 

a piece of pork muscle (thickness: 1.9 cm), and nothing, and then all fixed inside porcine gel. Five 

independent measurements on this phantom were conducted for statistical analysis. 

3 RESULTS 240 

3.1 Imaging of deposited dose  

The reconstructed XACT images (normalized so that the maximum intensity equals 1) correspondent 

to Field #1 (radiation beam on-target) and Field #2 (radiation beam off-target) are shown in Figs. 5 (A) 

A
u
th

o
r 

M
a
n
u
s
c
ri
p
t



10 

 

This article is protected by copyright. All rights reserved 

and (B), respectively. In Fig. 5 (A), only the entire outline of the fat cuboid can be observed, as the 

whole fat cuboid was just covered by the X-ray field and the outlines of both were overlapping. In Fig. 245 

5 (B), the boundaries of the squared X-ray field can be observed, as the outline of the field was 

shifted off from the outline of the fat cuboid. Moreover, one corner of the fat cuboid can also be seen 

due to the contrast between the fat and the liver tissues. This contrast is mainly caused by the 

differences in Grüneisen parameter, which are 0.6 for fat and 0.15 for liver. Figs. 5 (C) and (D) show 

the XA images (pseudo color) superimposed on the compounding US image (gray scale). These 250 

combined images present the positions of the deposited dose (as mapped by XACT images) related to 

the location and shape of the treatment target (as shown by the US images).  

Figs. 6 (A) and (B) display the XACT and US intensity profiles along the dash-dot lines marked in 

Figs. 5 (C) and (D). The vertical line is through � = −14 ��. The horizontal line is through � = 35 

mm. The US intensity profiles present the boundaries of the target. According to the US profiles, the 255 

horizontal size and the vertical size of the target along the marked lines become 59 mm and 41 mm 

due to the distortion, respectively. The two sets of XACT intensity profiles are correspondent to Field 

#1 (radiation beam on-target) and Field #2 (radiation beam off- target), respectively. Compared with 

the US profiles, the determined boundaries in XACT profiles labeled with green and red dash lines 

display the conditions of beam alignment before (on-target) and after (off-target) shifting the beam 260 

location, respectively. Subjected to the change of the beam location, the horizontal position and the 

vertical position of the beam, as presented by the XACT intensity profiles, were shifted by + 18 �� 

and − 9 ��, respectively. As shown in Fig. 5 and Fig. 6, the XA intensities peaks at the interfaces, 

i.e., the boundary of the X-ray field or the interface between the fat cuboid and the liver. According to 

Eq. (9) and considering the differences between Grüneisen parameters of fat and liver, the peak of 265 

XA signal corresponding to the field boundary locating on fat is higher than the peak from the field 

boundary locating on liver and the peak at the fat and liver interface.  

3.2 Dose uncertainty estimation  

Fig. 7 shows XACT imaging results from the phantom containing 5 lard cylinders under 6 MV 

photon beams. The only difference between Figs. 7 (A) and (B) is that a 30° physical wedge was 270 

added to the Linac aperture for the image in (A) while no wedge was used for the image in (B). The 

image intensity was normalized to the maximum intensity of the image which was acquired without 

using the wedge. To explore the feasibility of XACT in quantifying the deposited dose in each 

cylinder target, the intensity profiles extracted from the two XACT images were compared in Fig. 7 

(C). Considering that the 5 cylinder targets were not perfectly aligned along a horizontal line, each 275 
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intensity profile actually shows the horizontal projection of the maximum value inside the range from � = −40�� to � = −20��. 

Figs. 8 (A-C) present the quantified datasets of relative XA intensities for the 5 lard cylinders imaged 

with the use of a 15° physical wedge, a 30° physical wedge, and a 45° physical wedge, respectively. 

Under each condition (i.e., three different wedges for the results in A-C, respectively), the normalized 280 

relative intensity of each of the 5 lard cylinders was quantified by dividing its maximum intensity in 

the XACT image by the maximum intensity of the corresponding lard cylinder from the XACT image 

that does not use a wedge. Under each condition, 10 independent measurements were conducted for 

statistical analyses.  

Fig. 9 (A) shows the dose profiles per pulse extracted from the film test results in the same direction 285 

as the 5 lard cylinders were aligned. The dose per pulse was calculated by the recorded accumulated 

dose dividing the monitored pulse number during each film test. For each wedge, the normalized 

relative XA intensities of the 5 lard cylinders shown in Fig. 8 are compared with the dose per pulse 

values read from film profiles at positions of −50 ��,−25 ��, 0, 25 ��,��� 50 �� displayed in 

Fig. 9 (A). As derived in Section 2.2, the XA intensities �(�) for each lard cylinder can be fit ted to the 290 

local dose ��(�) measured by film with a determined constant �, which should correspond to the 

proportionality considered in Eq. (11): ��(�) = � ∙ �(�)#(12)  

The XA intensities and the dose per pulse are plotted together in Figs. 9 (B)-(D), while Fig. 9 (E) 

presents the proportionality between the normalized relative XA intensities and the dose per pulse by 

determining a constant � for each wedge. The sensitivity of XACT imaging in monitoring the relative 295 

dose can be achieved up to 3%, as the minimum dose difference between two lard cylinders under the 

15° physical wedge is 2.9% according to the film result shown in Fig. 9 (B). Based on the dataset 

shown in Fig. 8 (A), a t-test with a null hypothesis that XACT cannot detect the dose difference 

between the adjacent lard cylinders achieved a significant p-value of 0.02. 

Fig. 10 displays one representative reconstructed image and the quantified relative XA intensities of 300 

the 4 lard cylinders inside the phantom shown in Fig. 4 (A). All measurements were normalized to the 

mean value of XA intensities of the lard cylinder without being covered by anything except for gel. 

For the case that the X-ray passed through the air gap before reaching the lard cylinder, the XA 

intensity from the lard cylinder is about 10% stronger, as the X-ray experienced lower attenuation 

inside air compared to gel or water. The XA intensity from the lard cylinder covered by bone is about 305 

20% weaker, as the X-ray experienced more attenuation while propagating through bone.35 The p-
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values calculated from the t-tests comparing any two groups were shown in the figure. All p-values 

are smaller than 0.005 except for the p-value from the comparison between the muscle group and the 

gel group due to the fact that muscle and gel have similar X-ray attenuation. The finding from the 

XACT imaging agrees well with the radiography result shown in Fig. 4 (B).  310 

4 DISCUSSION 

In this work, imaging of several phantoms made from biological tissues was conducted using a 

prototype XACT system. Because tomographic imaging was achieved via the rotational scan of a 

single flat transducer around the phantom, only 2D images in the scanning plane which was 

perpendicular to the direction of the X-ray beam were reconstructed. In the preparation of the 315 

phantoms, therefore, all important features were distributed in a single layer. In the future, however, 

by scanning around the sample along a 2D surface, for example, by performing a scan along a 

spherical surface or a cylindrical surface surrounding the sample, a real 3D image can be 

reconstructed to evaluate the deposited radiation dose in any voxel.  

As demonstrated in Section 3.1, the position and the distribution of the deposited dose inside a 320 

phantom can be determined by the acquired XACT image co-registered with the corresponding US 

image, as the example results shown in Fig. 5 and Fig. 6. The shift of the X-ray beam field against the 

mimic target inside phantom can be observed through the combined images. It suggests the feasibility 

of applying XACT as an add-on to the clinical US to achieve image-guidance for radiation therapy. 

The accuracy of this tracking process is limited by the accuracy of the image registration. In this 325 

study, the co-registration was based on the geometric feature of the fat cuboid in XACT image and 

US image, which took advantage of the extreme contrast between fat and liver in XACT image and 

was limited by the qualities of acquired XACT image and US image. In in vivo scenario, additional 

calibration may be necessary so that the acquired XA images and US images can be transformed into 

the same coordinate system. Since the US and XA signals are both propagate as acoustic waves, their 330 

detection sensor can be shared, and the correspondence between their coordinates can be established 

accurately.  In the future, a real-time dual modality system, which can acquire XACT and US images 

using the same transducer probe driven by the same data acquisition system, may enable improved 

accuracy for confirming the beam and target alignment for EBRT.  

In XACT images, for example in Fig. 5, strong XA intensities appeared at the beam field boundaries 335 

or the interface between the tissues. This is due to the applied reconstruction algorithm and the 

limited bandwidth of the measuring system which misses some low frequency components.20 To 

realize the quantitative imaging mentioned in section 2.2, the acoustic inversion problems including 
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loss of low frequency components and limited sensor response could be resolved by applying de-

convolution methods in the process of image reconstruction.33,36 Besides, the X-ray pulse profile 340 

should also be taken into consideration, since the current duration of the X-ray beam pulse is too long 

to be treated as a delta function.37 According to the previous studies,21,22

As demonstrated in Section 3.2, the intensity inside the XACT image is related to the energy 

deposited by the excitation pulse, which implies the possibility of tracking the delivered target dose 

per pulse independent of the repetition rate of the Linac (~330 Hz at the dose rate of 800 MU/min for 350 

6 MV beam). However, to achieve sufficient SNR, the signals detected for XACT imaging had to be 

averaged 660 times before being used for image reconstruction. When XA signals need to be 

collected from 120 scanning positions around the sample, the signal acquisition for each 2D XACT 

image takes about 10 minutes and parts of the radiation pulses were missing due to movement of the 

transducer between each scanning position. In the future, a circular array probe or a commercially 355 

available linear probe driven by a multi-channel data acquisition system can be used to replace the 

circular scan of a single element transducer. In that case, a single XACT image can be formed during 

a short time interval, which can be in the order of few seconds or even sub-seconds. Similar to the 

works shown in Fig. 9, the intensity of the formed XACT image can be calibrated to the averaged 

dose deposited by the excitation pulses during that short time interval following Eq. (12). This would 360 

make it possible for tracking the mGy level variation of the dose delivery with high spatial and 

temporal resolutions, which will be useful for monitoring complex dose delivery techniques such as 

dynamic IMRT and realizing the potentials of (4D) time-resolved intrafraction dose delivery.

 limited by the 0.5 MHz 

central frequency transducer and by the 4-µs duration of the X-ray pulse, a theoretical spatial 

resolution of 6 mm in static image can be achieved and X-ray field shifts of 2mm can be determined 

by our prototype system. When possible, decreasing the duration of the X-ray pulse and maintaining 345 

the dose amount per pulse from the Linac could enhance both the spatial resolution and the signal-to-

noise ratio (SNR), which is also described in Eq. (10).  

10

To evaluate the accuracy of monitoring the dose delivered to the target region, different physical 

wedges were applied to generate different dose distributions on the target region. The relative dose 

distributions quantified by XACT were correlated with the dose profiles measured by radiochromic 370 

films. All the lard cylinders were modeled to the same geometry and fixed along a line inside the 

 The 

radiation dose at each spatial point will be quantified by the integration of the local XACT intensity 

over the time intervals. Moreover, as the difference in dose delivery or XA intensity can be 365 

determined with a sensitivity of 3%, any changes in the target could be monitored during the 

treatment. A
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porcine gel which can be treated as a homogeneous background. In this way, a simple back-projection 

algorithm, which does not consider any attenuations or distortions during acoustic wave propagations, 

could be applied to extract the initial pressure. The uniformed Grüneisen parameter, thermal 

efficiency, and density simplified the relation between the delivered dose and the XA intensity 375 

described in Eq. (10). However, for clinical implementation, all these parameters need to be l 

considered before truly quantitative evaluation of dose can become possible. In future clinical 

applications, accessing the tissue properties in the volume of interest could be realized via computed 

tomography (CT) imaging during the treatment planning.38

5 CONCLUSION 

 In this way, quantitative or semi-

quantitative evaluation and mapping of dose delivery can be achieved.  380 

This work evaluates the feasibility of obtaining relative dose distribution in radiotherapy by 

performing XACT imaging of soft-tissue phantoms. The study has shown that XACT images of soft-

tissue phantoms can be achieved with accuracy in dose measurement of up to 2.9% at a spatial 

resolution of 6 mm, which suggests the potential application of XACT imaging for verifying beam 385 

alignment with the target tissue and for evaluating accuracy of the dose delivered to the target tissue. 

Combining XACT imaging with clinical US imaging is a novel in vivo dosimetry approach that has 

the potential to guide radiotherapy delivery in real time. 
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Figure legends 

Figure 1. (A) Schematic of the XACT system. (B) Photograph of the instruments inside the treatment 

room. Trans.: transducer; DAQ: data acquisition card. 475 

Figure 2. (A) Photograph of a porcine gel phantom containing veal livers and fat. (B) Compounding US 

image of the phantom, where the shape and the location of the radiation X-ray beam are labeled by a red 

dash rectangle (6 �� × 4 ��). Field #1: the beam was aligned to the fat cuboid (i.e., target of treatment); 

Field #2: the beam was shifted away from the target (20 �� along the x-axis and −10 �� along the y-

axis). 480 

Figure 3. (A) Photograph of a porcine gel phantom containing 5 identical lard cylinders distributed along a 

row. (B) Schematic diagram of the lard cylinders and radiation beam (top view). (C) Schematic diagram of 

lard cylinders, wedge, and radiation beam (side view). � is the diameter of the lard cylinder; ∆ is the space 

between two adjacent cylinders; � is the height of the lard cylinder.  

Figure 4. (A) Photograph of a porcine gel phantom containing 4 identical lard cylinders covered 485 

respectively by different materials with different X-ray attenuation, including bone, air gap, pork muscle, 

and nothing (gel only).  (B) Radiograph of the phantom. 

Figure 5. Normalized XACT images corresponding to (A) Field #1 (radiation beam on-target) and (B) 

Field #2 (radiation beam off-target) as described in Fig. 2 (B). The dashed rectangle marks the position and 

the shape of the target. (C) XACT image in (A) presented in pseudo color and superimposed on the gray 490 

scale US image of the phantom. (D) XACT image in (B) presented in pseudo color and superimposed on 

the gray scale US image of the phantom. 
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Figure 6. The intensity profiles along the marked horizontal line (� = +35 ��) and the vertical line 

(� = −14 ��) in the XACT images of the two measurements (beam on target and beam off target, 

respectively) and the compounding US image. The green and the red dash lines label the beam boundaries 495 

determined by the profiles of XACT images before (on-target) and after (off-target) shifting the beam 

location, respectively. The green and the red dash-dot lines show the centers of the beam (i.e., the central 

lines between the determined boundaries) before and after shifting the beam location, respectively. The 

gray dash lines show the boundaries of the target extracted from the intensity profiles of the US image. 

Figure 7. (A) A reconstructed XACT image of the phantom containing 5 lard cylinders. A 30° physical 500 

wedge was used to change the dose applied to each cylinder target. (B) A reconstructed XACT image of the 

same phantom where no wedge was applied.  (C) The intensity profiles along the x-axis showing the 

deposited doses in the 5 cylinder targets for the two situations, i.e., with and without using the 30° wedge.   

Figure 8. Normalized relative XA intensities for the 5 lard cylinders when (A) a 15° physical wedge, (B) a 

30° physical wedge, or (C) a 45° physical wedge was used. Ten independent measurements were conducted 505 

to compute the mean and the standard deviation for each lard cylinder under each condition.  

Figure 9. (A) Dose profiles extracted from the film test results for three physical wedges (15°, 30°, and 

45°).  (B)-(D) Dose per pulse extracted from film profiles shown in (A) matched with the mean value and 

standard deviation of the normalized relative XA intensities (shown in Fig. 8) under the 15°, 30°, and 45° 

physical wedges, respectively. (E) Correlation between the normalized relative XA intensity and the film 510 

measured dose per pulse, including linear fittings follows Eq. (12) for the 15°, 30°, and 45° physical 

wedges (shown in blue, red, and green, respectively). 

Figure 10. (A) A reconstructed XACT image of the phantom shown in Fig. 4 (A). (B) Statistical analyses 

of the normalized relative XA intensities for the 4 lard cylinders covered by materials with different X-ray 

attenuations, including nothing (gel only), bone, air gap, and muscle. The p-values from the t-tests 515 

comparing any of the two groups were evaluated. 
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