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E N G I N E E R I N G

X-ray–induced acoustic computed tomography: 3D 
X-ray absorption imaging from a single view
Siqi Wang1, Prabodh Kumar Pandey2, Gerald Lee1, Rick J. P. van Bergen1, Leshan Sun1,  
Yifei Xu1, Shawn (Liangzhong) Xiang1,2,3*

Computed tomography (CT) scanners are essential for modern imaging but require around 600 projections from 
various angles. We present x-ray–induced acoustic computed tomography (XACT), a method that uses radiation-
induced acoustic waves for three-dimensional (3D) x-ray imaging. These spherical acoustic waves travel through 
tissue at 1.5 × 103 meters per second, much slower than x-rays, allowing ultrasound detectors to capture them and 
generate 3D images without mechanical scanning. We validate this theory by performing 3D numerical recon-
structions of a human breast from a single x-ray projection and experimentally determining 3D structures of ob-
jects at different depths. Achieving resolutions of 0.4 millimeters in the XZ plane and 3.5 millimeters in the XY 
plane at a depth of 16 millimeters, XACT demonstrates the ability to produce 3D images from one x-ray projection, 
reducing radiation exposure and enabling gantry-free imaging. XACT shows great promise for biomedical and 
nondestructive testing applications, potentially replacing conventional CT.

INTRODUCTION
The advent of three-dimensional (3D) x-ray computed tomography 
(CT) has advanced our comprehension of intricate structural anato-
mies in both biological and nonbiological objects (1–3), widely used 
across various domains including industrial metrology (4, 5), materials 
science (6, 7), and biomedical research (8–13). In the realm of medical 
diagnostics, CT scanners conduct more than 80 million scans annually 
in the United States alone (14) and serve as indispensable tools for diag-
nosing acute and chronic conditions. Despite their widespread use, the 
fundamental principles of traditional CT imaging, as well as the size 
and weight of CT scanners, have remained largely unchanged over the 
past half-century (15), hindering their accessibility in out-of-hospital 
settings like in space and other resource-constrained environments (16).

Conventional x-ray imaging relies on acquiring hundreds of pro-
jections to generate a comprehensive 3D image, often necessitating 
the use of a mechanical gantry for rotation, as depicted in Fig. 1A 
(1, 17). Researchers are developing imaging approaches for 3D recon-
struction without rotating the sample or detectors, such as ankylogra-
phy in the soft x-ray range (around 6203.49 eV) (18, 19). Yet, no 
existing method allows for 3D x-ray absorption imaging without gan-
try rotation in the higher (tens of kilo–electron volts) energy range. 
Our proposed method, x-ray–induced acoustic computed tomogra-
phy (XACT) (20–25), fulfills this need. Instead of relying on projec-
tion or mechanical rotation, XACT uses ultrashort x-ray pulses (<μs) 
to initiate the x-ray–induced acoustic (XA) effect, generating ultra-
sonic waves (26, 27). These spherical x-ray–induced acoustic waves 
propagate in all directions from their source and, because of the speed 
of ultrasound being approximately five orders of magnitude slower 
than the speed of an x-ray, are easily detected as ultrasound and used 
for 3D image reconstruction (21, 28). Figure 1B illustrates the concept 
of 3D XACT using a planar ultrasound transducer array. By recording 
the time of arrival of acoustic waves, depth information is calculated, 
allowing the capture of the third dimension in the 3D image.

Despite initial interest in x-ray–induced acoustics dating back to 
the 1980s (29, 30) and the early 1990s (31), it was not until 2013 that 
substantial advancements in ultrasound transducers and pulsed x-
ray sources reignited great interest in the field (32). These techno-
logical breakthroughs paved the way for the first demonstration of 
x-ray–induced acoustic tomographic imaging, achieved through me-
chanical scanning coupled with a linear accelerator (32). Subsequent 
studies showcased the feasibility of obtaining 2D reconstructions of 
the target medium using a 128-element ring array without the need for 
mechanical scanning (33, 34). In 2020, Lee et al. (35) expanded on this 
by demonstrating 3D reconstructions using a curved linear array and 
rotating a wire target for 180 steps. However, there remains theoretical 
potential for achieving 3D reconstructions without any rotational 
or mechanical scanning of either the x-ray source or the ultrasound 
detectors. This could be achieved by capturing the 3D spherical x-ray 
acoustic wave using matrix transducer arrays as described above. 
Proving this theoretical approach holds promise for further advancing 
x-ray–induced acoustic tomographic imaging techniques.

Here, we use a 2D ultrasound array to capture 3D x-ray acoustic 
waves, allowing us to surpass the traditional x-ray absorption imag-
ing limit and reconstruct the 3D x-ray absorption distribution from 
a single view. We have validated this concept through both computer 
simulations and experiments, presenting the experimental demon-
stration in two stages: assessing the depth sensing capability of the 
3D XACT system and showcasing the 3D rendering capability of the 
XACT system. In addition, we demonstrate the 3D imaging potential 
on a biological sample. This technology plays a pivotal role in enabling 
portable CT by eliminating the need for gantry rotation, which holds 
promise for serving rural areas (36) and low resource settings (37) 
worldwide. Furthermore, it has notable implications for saving lives 
on the battlefield (38) and potentially facilitating the deployment of 
CT machines in space stations and other space travel endeavors (39).

RESULTS
3D XACT imaging system
We have developed a 3D XACT imaging system consisting of two 
main components: x-ray–induced acoustic (XA) signal generation 
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and XA signal detection system. For signal generation, we use an 
ultrashort pulsed x-ray source emitting x-rays with a duration of 
50 ns at a repetition rate of 10 Hz and a voltage of up to 150 kilovolt 
peaks (XR200, Golden Engineering, IN, USA). To capture the XA 
signal, a 2D matrix ultrasound array with a center frequency of 
1 MHz and a bandwidth of 60% [nondestructive testing (NDT) 
probe, Doppler Co. Limited, Guangzhou, China] is used, followed 
by signal amplification and acquisition using our dedicated electronic 
system. Subsequently, the back-projection algorithm is used for 3D 
XACT image reconstruction (40), enabling the generation of 3D 
images from the captured XA signals, providing comprehensive in-
sights into the internal structures of the imaged objects.

Numerical simulations of a digital human breast phantom
To verify our theoretical analysis, we executed numerical simulations 
for the 3D structure determination of a digital human breast phan-
tom using XACT imaging from a single projection. The 3D digital 
breast phantom was generated from 2D CT slices, rendering a com-
prehensive model. We assigned distinct acoustic thermoelastic prop-
erties to different tissue types—skin, adipose, and glandular—and 
factored these into the calculations for initial acoustic pressure genera-
tion upon photon interaction. Simulation of acoustic wave generation 
and propagation, starting from the initial pressure and culminating 
in detection by ultrasound transducer arrays, was conducted using 
the k-space pseudospectral method within MATLAB, used with the 
k-Wave toolbox (41). We assessed the x-ray energy deposition with-
in the breast tissues according to Beer’s law (6, 42). The combination 
of the x-ray energy deposition map and the Gruneisen parameter 
map—derived from segmented breast tissues based on their thermal 
and acoustic properties—served as the source of pressure (43). This 
pressure source was centrally located within a 420 by 420 by 420 grid, 
featuring a 0.2-mm grid size. We selected a hemispherical surface to 
represent the detector grid, functioning as a cup array (detailed in 
note S1). We reconstructed the pressure source using the universal 
back-projection algorithm (40), focusing on a 2.25 cm by 2.25 cm by 
0.8 cm cuboidal region within the center of the spherical detection 
surface. The results of the 3D XACT volumetric reconstruction, using 
both 1000 and 5000 point detectors, are presented in Fig. 2 (A and B), 

respectively. For reference, the first column of Fig. 2C shows stacked 
3D CT slices from depths of −0.4 to 0.4 cm, serving as the ground 
truth (left column). The absorption distribution in the reconstruct-
ed XACT image of the human breast (right column), obtained from 
a single projection, closely aligns with that of the actual breast CT 
images, demonstrating the effectiveness of our XACT approach.

Imaging multiple objects at different depths
To illustrate the depth sensing capabilities of the 3D XACT system, 
we embedded five lead dots, each 1/16″ (1.59 mm) thick and with a 
4 mm by 4 mm surface area, into an agar-based model at three dis-
tinct depth levels. Specifically, as depicted in Fig. 3A, we placed one 
at 0 mm, two diagonally positioned at 8 mm, and another two di-
agonally positioned lead dots in alternating corners at 16 mm (refer 
to photos in note S2). In addition, we labeled each embedded lead 
dot layer in Fig. 3A with letters corresponding to the subfigures (Fig. 
3, B to D) of the reconstructions to clarify the link between the ac-
tual positions of the targets and the reconstructed images. Using a 
single projection from a 50-ns pulsed x-ray source located beneath 
the agar model, the 3D XACT system successfully reconstructed the 
three layers of embedded lead dots. Figure 3 (B to D) displays the 
reconstructed XACT images as cross-sectional slices along the XY 
plane at z-axis depths of 0, 8, and 16 mm, respectively. Specifically, 
Fig. 3B presents a clear reconstruction of the central lead dot at the 
surface layer with optimal image contrast, while Fig. 3 (C and D) 
reveals the diagonally arranged lead dots at depths of 8 and 16 mm, 
showing increased background noise with deeper imaging.

The imaging resolution (Fig. 3E) was also evaluated and found to 
be approximately 3.5 mm in the XY plane and 0.4 mm in the XZ plane 
(note S6). These experimental outcomes demonstrate that the XACT 
system, with a single x-ray projection, can identify targets along the 
x-ray path, an achievement beyond the capabilities of standard x-ray 
radiography.

3D imaging rendering
Beyond showcasing the depth sensing capabilities of the 3D XACT 
system, we also carried out a 3D imaging rendering test to affirm 
the concept of 3D reconstruction with single projection. In this test, 

Fig. 1. Diagram of the 3D XACT imaging. (A) Traditional CT: Acquiring CT images involves numerous projections and the rotation of the gantry to compile a 3D image. 
(B) XACT Method: No gantry rotation is needed for reconstructing a 3D image. In this approach, each element of the ultrasound (US) transducer array receives propagated 
acoustic waves containing time-of-flight information, which establishes depth in a time-encoded dimension. Using an ultrasound array enables the realization of 3D im-
aging with just a single x-ray projection.
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a “UC”-shaped lead logo was positioned within a water-based agar 
phantom at a 15° angle (as depicted in note S3). The phantom, 
equipped with a 3D-printed holder for ultrasound transducer array 
and an x-ray scintillator, was angled at 25° in relation to the trans-
ducer’s detecting surface. This orientation ensured that the plane 
of the UC logo remained perpendicular to the incident x-ray beam, 
while the scintillator directly faced the x-ray source’s exit window. The 
lead-embedded phantom was subjected to a single x-ray beam projec-
tion. We used bandpass filtering and a back-projection reconstruction 

algorithm within MATLAB to generate the raw 3D reconstruction 
matrix. From this, the region of interest containing the UC logo was 
segmented from the total reconstructed volume (note S4). The 3D-
rendered image of the UC lead logo is displayed in Fig. 4B, as shown 
with a 25° rightward rotation for enhanced 3D viewing (see movie 
S1). Moreover, a side perspective of the 3D rendering, shown in Fig. 
4 (C to E), confirms the expected 15° tilt angle from the experimen-
tal setup. It is noteworthy that the center of the UC logo appears 
more clearly resolved than the logo’s edges within the rendering. 

Fig. 2. Determination of 3D structure of a simulated human breast with XACT from single x-ray projection. (A and B) 3D XACT reconstructed volumes of the digital 
phantom, derived from human breast CT slices, using different detectors. These reconstructions correspond closely with the ground truth of the breast phantom CT im-
ages. (C) Slices from the 3D XACT simulated reconstruction at various depths, compared with breast CT slices that have been segmented according to three different skin 
types. The notation “Z = 0 cm” indicates the height’s midpoint in the phantom. a.u., arbitrary units.

Fig. 3. 3D structure determination with XACT of multiple objects at different imaging depths. (A) Experimental setup schematic of the three-layer embedded lead 
dots; (B to D) 3D XACT lateral plane reconstructions of the layered phantom at different depths (0, 8, and 16 mm). (E) The point spread function analysis shows that the 
imaging resolution is about 0.4 mm in the XY plane and 1 mm in the XZ plane (fig. S2). It slightly degraded with the increase of the imaging depths. FWHM, full width at 
half maximum.
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This discrepancy is attributed to the uneven distribution of x-ray ex-
posure across the target.

3D imaging of biological sample
To showcase the potential of 3D XACT for biological studies, we 
used the technology to image a pig rib bone, using the same planar 
matrix ultrasound transducer array used in previous experiments. A 
microCT scan (Fig. 5A) served as the reference standard, providing 
a baseline for validating the accuracy of the XACT image reconstruc-
tions. For enhanced visualization of the system’s 3D capabilities, we 
segmented three distinct layers from the volumetric data (Fig. 5, D 
to F), corresponding to depths of 9.2, 9.8, and 10.2 mm. These layers 
reveal variations in the bone surface and details of its tilt angle. Fur-
thermore, Fig. 5 (B and C) features 3D views of the bone specimen 
from different perspectives, providing a comprehensive understand-
ing of its structure. To further illustrate the depth sensing capabilities 

of our system, we created a color-coded maximum projection over 
7.6- to 11.2-mm range in Fig. 5G, showcasing the area where the 
bone was imaged. The reconstructed 3D XACT images effectively 
displayed the bone’s structure and depth details. This experiment 
successfully demonstrates XACT’s valuable applications in the field 
of biomedicine.

DISCUSSION
In summary, our research demonstrates the feasibility of obtaining 
3D x-ray absorption data through XACT imaging with just a single 
x-ray exposure. The successful execution of depth sensing and 3D 
imaging trials on various samples underscores the various applica-
tions of this imaging method.

One of the key advantages of XACT imaging over conventional 
CT is that it enables 3D x-ray absorption imaging with a single x-ray 

Fig. 4. Illustration of XACT imaging for determining 3D structures. (A) Schematic of the 3D XACT imaging system, equipped with a 2D matrix ultrasound array. ch, 
channel; IO, input and output; USB, Universal Serial Bus; FPGA, Field-Programmable Gate Array. (B) Front view of the 3D back-projection reconstruction featuring the UC 
logo within the phantom. (C to E) Side views of the 3D XACT reconstructed image. The yellow dashed line denotes the angle of inclination (25°) between the UC logo and 
the base of the agar phantom.

Fig. 5. 3D XACT imaging experimental study on a biological sample. (A) A microCT section scan of a bone sample, used as the reference standard. (B and C) 3D XACT 
volumetric reconstructions derived from the study of the bone sample. (D to F) Slices of the volumetric reconstruction at varying imaging depths: 9.2, 9.8, and 10.2 mm, 
respectively. (G) Color-coded maximum intensity projection based on imaging depths ranging from 7.6 to 11.2 mm.
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projection, whereas typical CT requires hundreds of projections. As 
demonstrated in our numerical simulations using a digital human 
breast phantom (Fig. 2), we can image the breast with just one x-ray 
projection. The required dose is approximately 0.4 mGy, which is 
only 1/10 of that for a typical breast CT (43). Our recently published 
work also shows that XACT dose images can be generated from a 
single x-ray pulse (4 μs) with submilligray sensitivity using a clinical 
linear accelerator (44). Compared to some emerging imaging technol
ogies, such as laser-induced photoacoustic imaging (45–49), it offers 
great potential for providing deeper imaging penetration, making it 
suitable for whole-body imaging in humans.

In our XACT imaging experiments, both the x-ray source and 
ultrasound detector array used are commercially available and por-
table, offering great potential for developing a compact device for 3D 
x-ray absorption imaging. This is a key advantage over traditional 
CT systems, which are difficult to make portable due to the need for 
a large gantry and the requirement for the x-ray source and detector 
to be positioned on opposite sides of the patient. Looking to the fu-
ture, laser-driven x-ray sources (50, 51), with their intense, ultrashort 
pulses, high repetition rates, and energy levels ranging from kilo–
electron volts to mega–electron volts, could substantially enhance 
the performance of XACT imaging. This would further solidify 
XACT’s role in advancing medical imaging with improved precision 
and resolution.

Despite the encouraging results from our 3D XACT imaging 
studies, there are opportunities to enhance the system’s imaging per-
formance. Now, the resolution of the XACT system is constrained by 
the dimensions and frequency bandwidth of the ultrasound elements 
(52). Our experiments, including those involving the “UC logo” and 
pig rib bone, demonstrate that the system’s limited spatial resolution 
affects its ability to capture fine details in both nonbiological (Fig. 4) 
and biological (Fig. 5) samples. The lateral resolution was approxi-
mately 3 mm, which corresponds to the size of the ultrasound ele-
ments in the transducer array. Using an array with smaller pitch size 
could potentially improve the imaging resolution in the XY plane. 
The axial resolution, calculated as R = 0.88 νS/fmax (27), where the 
frequency bandwidth fmax = 1.3 MHz, was approximately 1 mm. 
Implementing a higher-frequency transducer array could improve 
axial resolution. For instance, a 5-MHz center frequency ultrasound 
array with a 60% bandwidth would provide a resolution of 0.138 mm 
(34), surpassing the resolution of most current CT machines. In ad-
dition, when designing the XACT imaging system, it is crucial to 
consider and satisfy the spatial Nyquist sampling criterion to strike 
a balance between the number of transducers and achieving an ad-
equate field of view for XACT imaging (53, 54).

The current dependence on matrix array ultrasound probes pres-
ents a “limited view” challenge for reconstructing 3D XACT images. 
Future advancements in image reconstruction algorithms, such as 
multiple-view acquisition (55, 56), along with model-based ap-
proaches (57, 58) and deep learning methodologies (59–61), could 
potentially overcome these limitations.

Another limitation of this work is that we have only conducted 
experiments on a human-mimicking phantom (Fig. 4) and ex vivo 
samples of pig rib bone (Fig. 5). In vivo validation is essential for 
addressing potential challenges such as tissue heterogeneity, blood 
flow, and movement, which may affect the performance of the 
XACT imaging system (62–64). This will be a key focus for future 
animal experiments. Furthermore, transmission x-ray imaging will 
be incorporated as prior information, providing anatomical details 

that can be used to enhance the accuracy of XACT imaging recon-
struction.

Ultimately, our findings confirm that XACT can generate 3D 
structural reconstructions with just one x-ray projection, a process 
verified through both simulations and experimental practices. This 
approach of single-projection imaging removes the necessity for com-
plete access or rotation around the target, proposing a substantial 
leap forward for medical diagnostic imaging and nondestructive 
evaluation. Particularly in scenarios where rotating the sample or 
accessing different angles is challenging, this method could serve as 
a viable alternative to conventional x-ray CT, heralding a new era in 
absorption-based imaging techniques. The continued evolution of 
this technique, supported by the wider research community, pres-
ents great potential for enhancing medical imaging and nondestruc-
tive testing methodologies.

METHODS
Experimental setup
In the XACT setup (illustrated in Fig. 4A), the system consists of 
two main components: (i) an x-ray source that generates acoustic 
signals and (ii) an apparatus to detect these acoustic waves. The set-
up features a pulsed x-ray generator (XR200, Golden Engineering, 
IN, USA) positioned above the target, which emits x-ray photons 
downward. Although capable of producing x-rays at a frequency of 
10 Hz, we used just a single 50-ns pulse for each experiment in both 
the three-layer depth sensing and the 3D XACT volumetric recon-
structions. The output dose from the x-ray source is approximately 
2.6 mR per pulse at 12 inches (30.48 cm) from the source with a 
40° projection angle. For acoustic wave detection, the system uses a 
256-element matrix ultrasound array (NDT probe, Doppler Co. Lim-
ited, Guangzhou, China), designed to pick up x-ray–induced acoustic 
waves to facilitate 3D imaging. In addition, the detection apparatus 
includes a photodiode and a scintillator for identifying proton pulses, 
which act as trigger signals for the imaging process. A cerium-doped 
lutetium oxyorthosilicate (Ce: Lu2SiO5) crystal (MTI Corporation, 
CA, USA) positioned below the x-ray source functioned as a scintilla-
tor, converting x-ray photons to blue light. This light was subsequently 
transformed into electric trigger pulses by an enhanced photodetec-
tor (APD410C, Thorlabs, NJ, USA). These pulses were transmitted 
to a wave generator (33522B, Keysight, CA, USA), which subse-
quently provided the Legion Analog-to-Digital Converter (ADC) 
Data Acquisition (DAQ) system with 4-V rectangular pulses to en-
sure precise timing during the experiments. These triggers are con-
verted into digital signals by a function generator (Keysight, USA), 
and these data are then relayed to a computer for subsequent post-
processing and image reconstruction. The system’s amplifiers pro-
vide up to 91 dB of signal amplification, enhancing the detection 
of acoustic signals for clearer imaging results. This XACT imaging 
that uses a matrix array allows for 3D imaging without mechani-
cal scanning.

Imaging protocols
In the experiments depicted in Figs. 3 to 5, we used target samples 
embedded within 3% agar phantoms (Bacto, Becton, Dickinson and 
Company, NJ, USA) as the imaging subjects. The ultrasound waves 
induced by x-ray exposure in these samples were detected using a 
256-element planar ultrasound transducer array. This array operates 
at a central frequency of 1 MHz and has a bandwidth of 60%. The 
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signals captured by the array were then processed using a sophisti-
cated 256-channel data acquisition (DAQ) system, the Legion ADC 
(PhotoSound Technologies Inc., Houston, USA), which includes dual 
integrated preamplifiers for each 128-channel set. The initial phase 
involved conditioning the acoustic analog signals, which were then 
filtered and digitized for further analysis. These digital data were 
stored temporarily in a memory buffer before being transferred to a 
workstation for detailed evaluation.

For 3D XACT imaging using a singular x-ray projection angle, 
settings on the Legion ADC system were adjusted to collect 2000 
samples per trigger at a sampling frequency of 40 MHz. This con-
figuration accommodates a sound travel duration of 50 μs, covering 
a 7.5-cm path of XA wave propagation within the agar, thus ensuring 
comprehensive coverage of the region of interest surrounding the 
target phantoms for detailed reconstruction. During postprocessing, 
the recorded XA signals underwent refinement via a digital lowpass 
filter with a cutoff frequency of 3 MHz and an attenuation rate of 
−90 dB. The image reconstruction for these studies was executed using 
a MATLAB-based program, using a universal back-projection algo-
rithm (40) for precise imaging outcomes.

3D XACT image reconstruction
The acoustic field propagation following the x-ray energy deposition 
in material under the stress and thermal confinement and negligible 
acoustic attenuation is based on (65)

with Γ
(

= v2β∕Cp

)

 being the Gruneisen parameter, and v, β, and Cp 
being the sound speed, volumetric expansion coefficient, and the 
specific heat at constant pressure. H indicates the x-ray energy depo-
sition, and the initial pressure source (p) is the product of the 
Gruneisen parameter (Γ) and x-ray energy deposition (H). The so-
lution to Eq. 1 is given by (66)

where S�(t) represents a spherical surface centered at a detector 
(located at r⃗) with radius vt.

The inverse problem corresponding to the XACT is to obtain 
a 3D map of x-ray energy deposition 

[

�H
(

r⃗
)

]

 from a set of bound-
aries XA measurements p

(

r⃗ 0, t
)

 made at detectors located at r⃗ 0 
on the detector grid S0 (note S5). In this work, we use the univer-
sal back-projection algorithm for the reconstruction (40), which 
is given by

where the back-projection term b
(

r⃗ 0, t
)

 = 2p
(

r⃗ 0, t
)

− 2t
d p

(

r⃗ 0,t
)

dt
. 

Different sound speeds will be assigned to various materials to ac-
count for and mitigate the effects of acoustic inhomogeneity (62–64).

The x-ray energy deposition map H
(

r⃗
)

 is a nonlinear function of 
x-ray absorption coefficient map μa

(

r⃗
)

with Φ
(

r⃗
)

 being the local x-ray fluence. The nonlinearity arises due 
to the intrinsic dependence of the fluence Φ

(

r⃗
)

 on the μa distribu-
tion in the domain, expressed by the Beer-Lambert Law

where Φ0 is the source fluence and ∫
l�
μa
(

r⃗ �
)

dl
� represents the line 

integral of absorption coefficient distribution μa
(

r⃗ �
)

 along the line l′ 
connecting the source with point r⃗.

The pixel intensity in the XACT images, reconstructed from cap-
tured x-ray–induced acoustic signals, represents the initial acoustic 
pressure distribution. Therefore, the relative intensity image offers 
vital information regarding x-ray absorption of the targets. Future 
research will focus on developing fluence correction algorithms 
to enable quantitative x-ray absorption coefficient reconstruction 
from XACT.

Supplementary Materials
The PDF file includes:
Notes S1 to S6
Figs. S1 to S6
Legend for movie S1

Other Supplementary Material for this manuscript includes the following:
Movie S1

REFERENCES AND NOTES
	 1.	 J. R. Wesolowski, M. H. Lev, CT: History, technology, and clinical aspects. Semin. Ultrasound 

CT MR 26, 376–379 (2005).
	 2.	 G. N. Hounsfield, Computerized transverse axial scanning (tomography): Part 1. 

Description of system. Br. J. Radiol. 46, 1016–1022 (1973).
	 3.	 S. D. Rawson, J. Maksimcuka, P. J. Withers, S. H. Cartmell, X-ray computed tomography in 

life sciences. BMC Biol. 18, 21 (2020).
	 4.	 M. Curto, A. P. Kao, W. Keeble, G. Tozzi, A. H. Barber, X-ray computed tomography 

evaluations of additive manufactured multimaterial composites. J. Microsc. 285, 131–143 
(2022).

	 5.	 W. Sun, D. R. Symes, C. M. Brenner, M. Böhnel, S. Brown, M. N. Mavrogordato, I. Sinclair,  
M. Salamon, Review of high energy x-ray computed tomography for non-destructive 
dimensional metrology of large metallic advanced manufactured components. Rep. Prog. 
Phys. 85, 016102 (2022).

	 6.	 P. J. Withers, C. Bouman, S. Carmignato, V. Cnudde, D. Grimaldi, C. K. Hagen, E. Maire,  
M. Manley, A. Du Plessis, S. R. Stock, X-ray computed tomography. Nat. Rev. Methods 
Primers 1, 18 (2021).

	 7.	E . Maire, X-ray tomography applied to the characterization of highly porous materials. 
annu. rev. mat. res. 42, 163–178 (2012).

	 8.	 P. I. Ngam, C. C. Ong, P. Chai, S. S. Wong, C. R. Liang, L. L. S. Teo, Computed 
tomography coronary angiography - past, present and future. Singapore Med. J. 61, 
109–115 (2020).

	 9.	 A. So, S. Nicolaou, Spectral computed tomography: Fundamental principles and recent 
developments. Korean J. Radiol. 22, 86–96 (2021).

	 10.	E . C. McCullough, J. T. Payne, X-ray-transmission computed tomography. Med. Phys. 4, 
85–98 (1977).

	 11.	H . Lusic, M. W. Grinstaff, X-ray-computed tomography contrast agents. Chem. Rev. 113, 
1641–1666 (2013).

	 12.	N . T. Wijesekera, M. K. Duncan, S. P. G. Padley, X-ray computed tomography of the heart. 
Br. Med. Bull. 93, 49–67 (2010).

	 13.	 W. A. Kalender, Dose in x-ray computed tomography. Phys. Med. Biol. 59, R129–R150 
(2014).

	 14.	 F. A. Mettler, M. Bhargavan, K. Faulkner, D. B. Gilley, J. E. Gray, G. S. Ibbott, J. A. Lipoti,  
M. Mahesh, J. L. McCrohan, M. G. Stabin, B. R. Thomadsen, T. T. Yoshizumi, Radiologic and 
nuclear medicine studies in the United States and worldwide: Frequency, radiation dose, 

𝜕
2p
(

r⃗ , t
)

𝜕t2
− c2∇2p

(

r⃗ , t
)

= ΓH
(

r⃗
) 𝜕δ(t)

𝜕t
(1)

p
(

r⃗ , t
)

=
Γ

4πc

𝜕

𝜕t

[

1

vt ∫S
(

�⃗r� ,t
)

H
(

r⃗ �
)

dS�(t)

]

(2)

∣ r⃗ − r⃗
� ∣ = vt

�p0
(

r⃗
)

= Γ �H
(

r⃗
)

=
∫S0

b

(

r⃗ 0, t=
∣ r⃗ 0− r⃗ ∣

v

)

dΩ

Ω
(3)

H
(

r⃗
)

= μa
(

r⃗
)

Φ
(

r⃗
)

(4)

Φ
(

r⃗
)

= Φ
0
e
− ∫

l�
μa

(

r⃗ �
)

dl (5)



Wang et al., Sci. Adv. 10, eads1584 (2024)     6 December 2024

S c i e n c e  A d v a n c e s  |  R e s e ar  c h  A r t i c l e

7 of 8

and comparison with other radiation sources--1950-2007. Radiology 253, 520–531 
(2009).

	 15.	 X. Zheng, Y. Al-Hayek, C. Cummins, X. Li, L. Nardi, K. Albari, J. Evans, E. Roworth,  
T. Seaton, Body size and tube voltage dependent corrections for Hounsfield  
Unit in medical x-ray computed tomography: Theory and experiments. Sci. Rep. 10, 
15696 (2020).

	 16.	 A. Cramer, J. Hecla, D. Wu, X. Lai, T. Boers, K. Yang, T. Moulton, S. Kenyon, Z. Arzoumanian, 
W. Krull, K. Gendreau, R. Gupta, Stationary computed tomography for space and other 
resource-constrained environments. Sci. Rep. 8, 14195 (2018).

	 17.	E . Seeram, Computed tomography: A technical review. Radiol. Technol. 89, 279CT–302CT 
(2018).

	 18.	 K. S. Raines, S. Salha, R. L. Sandberg, H. Jiang, J. A. Rodríguez, B. P. Fahimian, H. C. Kapteyn, 
J. Du, J. Miao, Three-dimensional structure determination from a single view. Nature 463, 
214–217 (2010).

	 19.	 R. Xu, H. Jiang, C. Song, J. A. Rodriguez, Z. Huang, C.-C. Chen, D. Nam, J. Park,  
M. Gallagher-Jones, S. Kim, S. Kim, A. Suzuki, Y. Takayama, T. Oroguchi, Y. Takahashi, J. Fan, 
Y. Zou, T. Hatsui, Y. Inubushi, T. Kameshima, K. Yonekura, K. Tono, T. Togashi, T. Sato,  
M. Yamamoto, M. Nakasako, M. Yabashi, T. Ishikawa, J. Miao, Single-shot three-
dimensional structure determination of nanocrystals with femtosecond x-ray 
free-electron laser pulses. Nat. Commun. 5, 4061 (2014).

	 20.	 Y. Yan, S. L. Xiang, X-ray-induced acoustic computed tomography and its applications in 
biomedicine. J. Biomed. Opt. 29, S11510 (2024).

	 21.	 P. Samant, L. Trevisi, X. Ji, L. Xiang, X-ray induced acoustic computed tomography. 
Photoacoustics 19, 100177 (2020).

	 22.	 S. Choi, S. Park, J. Kim, H. Kim, S. Cho, S. Kim, J. Park, C. Kim, X-ray free-electron laser 
induced acoustic microscopy (XFELAM). Photoacoustics 35, 100587 (2024).

	 23.	 S. Hickling, H. Lei, M. Hobson, P. Léger, X. Wang, I. El Naqa, Experimental evaluation of 
x-ray acoustic computed tomography for radiotherapy dosimetry applications. Med. Phys. 
44, 608–617 (2017).

	 24.	 W. Zhang, I. Oraiqat, H. Lei, P. L. Carson, I. E. I. Naqa, X. Wang, Dual-modality x-ray-induced 
radiation acoustic and ultrasound imaging for real-time monitoring of radiotherapy. BME 
Front. 2020, 9853609 (2020).

	 25.	 M. Simon, P. K. Pandey, L. Sun, L. Xiang, A graphical user interface (GUI) for model-based 
radiation-induced acoustic computed tomography. J. Innov. Opt. Health Sci. 16, 2245004 
(2023).

	 26.	 W. Zhang, I. Oraiqat, D. Litzenberg, K.-W. Chang, S. Hadley, N. B. Sunbul, M. M. Matuszak, 
C. J. Tichacek, E. G. Moros, P. L. Carson, K. C. Cuneo, X. Wang, I. El Naqa, Real-time, 
volumetric imaging of radiation dose delivery deep into the liver during cancer 
treatment. Nat. Biotechnol. 41, 1160–1167 (2023).

	 27.	L . Xiang, S. Tang, M. Ahmad, L. Xing, High resolution x-ray-induced acoustic tomography. 
Sci. Rep. 6, 26118 (2016).

	 28.	 S. Hickling, P. Leger, I. El Naqa, On the detectability of acoustic waves induced following 
irradiation by a radiotherapy linear accelerator. IEEE Trans. Ultrason. Ferroelectr. Freq. 
Control 63, 683–690 (2016).

	 29.	T . Bowen, “Radiation-Induced thermoacoustic soft tissue imaging” in 1981 Ultrasonics 
Symposium (IEEE; 1981), pp. 817–822.

	 30.	 K. Y. Kim, W. Sachse, X-ray generated ultrasound. Appl. Phys. Lett. 43, 1099–1101 
(1983).

	 31.	T . Bowen, C. X. Chen, S. C. Liew, W. R. Lutz, R. L. Nasoni, Observation of ultrasonic 
emission from edges of therapeutic x-ray beams. Phys. Med. Biol. 36, 537–539 (1991).

	 32.	L . Xiang, B. Han, C. Carpenter, G. Pratx, Y. Kuang, L. Xing, X-ray acoustic computed 
tomography with pulsed x-ray beam from a medical linear accelerator. Med. Phys. 40, 
010701 (2013).

	 33.	 S. Wang, V. Ivanov, P. K. Pandey, L. Xiang, X-ray-induced acoustic computed 
tomography (XACT) imaging with single-shot nanosecond x-ray. Appl. Phys. Lett.  
119, 183702 (2021).

	 34.	 S. Tang, D. H. Nguyen, A. Zarafshani, C. Ramseyer, B. Zheng, H. Liu, L. Xiang, X-ray-induced 
acoustic computed tomography with an ultrasound transducer ring-array. Appl. Phys. 
Lett. 110, 103504 (2017).

	 35.	 D. Lee, E.-Y. Park, S. Choi, H. Kim, J.-J. Min, C. Lee, C. Kim, GPU-accelerated 3D volumetric 
x-ray-induced acoustic computed tomography. Biomed. Opt. Express 11, 752–761 
(2020).

	 36.	C . Bergeron, R. Fleet, F. K. Tounkara, I. Lavallée-Bourget, C. Turgeon-Pelchat, Lack of CT 
scanner in a rural emergency department increases inter-facility transfers: A pilot study. 
BMC. Res. Notes 10, 772 (2017).

	 37.	 K. DeStigter, K.-L. Pool, A. Leslie, S. Hussain, B. S. Tan, L. Donoso-Bach, S. Andronikou, 
Optimizing integrated imaging service delivery by tier in low-resource health systems. 
Insights Imaging 12, 129 (2021).

	 38.	 R. N. J. Graham, Battlefield radiology. Br. J. Radiol. 85, 1556–1565 (2012).
	 39.	C . Krittanawong, N. K. Singh, R. A. Scheuring, E. Urquieta, E. M. Bershad, T. R. Macaulay,  

S. Kaplin, C. Dunn, S. F. Kry, T. Russomano, M. Shepanek, R. P. Stowe, A. W. Kirkpatrick,  

T. J. Broderick, J. D. Sibonga, A. G. Lee, B. E. Crucian, Human health during space travel: 
State-of-the-art review. Cells 12, 40 (2023).

	 40.	 M. Xu, L. V. Wang, Universal back-projection algorithm for photoacoustic computed 
tomography. Phys. Rev. E 71, 016706 (2005).

	 41.	 B. E. Treeby, B. T. Cox, K-Wave: MATLAB toolbox for the simulation and reconstruction of 
photoacoustic wave fields. J. Biomed. Opt. 15, 021314 (2010).

	 42.	 M. Soleimani, T. Pengpen, Introduction: A brief overview of iterative algorithms in x-ray 
computed tomography. Philos. Trans. R. Soc. A Math. Phys. Eng. Sci. 373, 20140399 
(2015).

	 43.	 S. Tang, K. Yang, Y. Chen, L. Xiang, X-ray-induced acoustic computed tomography for 3D 
breast imaging: A simulation study. Med. Phys. 45, 1662–1672 (2018).

	 44.	 G. Gonzalez, K. Prather, P. Pandey, L. Sun, J. Caron, S. Wang, S. Ahmad, L. Xiang, Y. Chen, 
Single-pulse x-ray acoustic computed tomographic imaging for precision radiation 
therapy. Adv. Radiat. Oncol. 8, 101239 (2023).

	 45.	L . Lin, P. Hu, J. Shi, C. M. Appleton, K. Maslov, L. Li, R. Zhang, L. V. Wang, Single-breath-
hold photoacoustic computed tomography of the breast. Nat. Commun. 9, 2352 (2018).

	 46.	L . Li, A. A. Shemetov, M. Baloban, P. Hu, L. Zhu, D. M. Shcherbakova, R. Zhang, J. Shi, J. Yao, 
L. V. Wang, V. V. Verkhusha, Small near-infrared photochromic protein for photoacoustic 
multi-contrast imaging and detection of protein interactions in vivo. Nat. Commun. 9, 
2734 (2018).

	 47.	 Z. Wu, L. Li, Y. Yang, P. Hu, Y. Li, S.-Y. Yang, L. V. Wang, W. Gao, A microrobotic system guided 
by photoacoustic computed tomography for targeted navigation in intestines in vivo.  
Sci. Robot. 4, eaax0613 (2019).

	 48.	 J. Yao, A. A. Kaberniuk, L. Li, D. M. Shcherbakova, R. Zhang, L. Wang, G. Li,  
V. V. Verkhusha, L. V. Wang, Multiscale photoacoustic tomography using  
reversibly switchable bacterial phytochrome as a near-infrared photochromic probe. 
Nat. Methods 13, 67–73 (2016).

	 49.	 X. Zhu, Q. Huang, L. Jiang, V.-T. Nguyen, T. Vu, G. Devlin, J. Shaima, X. Wang, Y. Chen,  
L. Ma, K. Xiang, E. Wang, Q. Rong, Q. Zhou, Y. Kang, A. Asokan, L. Feng, S.-W. D. Hsu,  
X. Shen, J. Yao, Longitudinal intravital imaging of mouse placenta. Sci. Adv. 10, 
eadk1278 (2024).

	 50.	T . M. Ostermayr, C. Kreuzer, F. S. Englbrecht, J. Gebhard, J. Hartmann, A. Huebl, D. Haffa,  
P. Hilz, K. Parodi, J. Wenz, M. E. Donovan, G. Dyer, E. Gaul, J. Gordon, M. Martinez,  
E. Mccary, M. Spinks, G. Tiwari, B. M. Hegelich, J. Schreiber, Laser-driven x-ray and proton 
micro-source and application to simultaneous single-shot bi-modal radiographic 
imaging. Nat. Commun. 11, 6174 (2020).

	 51.	 A. Hannasch, A. Laso Garcia, M. LaBerge, R. Zgadzaj, A. Köhler, J. P. Couperus Cabadağ,  
O. Zarini, T. Kurz, A. Ferrari, M. Molodtsova, L. Naumann, T. E. Cowan, U. Schramm,  
A. Irman, M. C. Downer, Compact spectroscopy of keV to MeV x-rays from a laser 
wakefield accelerator. Sci. Rep. 11, 14368 (2021).

	 52.	L . V. Wang, S. Hu, Photoacoustic tomography: In vivo imaging from organelles to organs. 
Science 335, 1458–1462 (2012).

	 53.	 P. Hu, L. Li, L. Lin, L. V. Wang, Spatiotemporal antialiasing in photoacoustic computed 
tomography. IEEE Trans. Med. Imaging 39, 3535–3547 (2020).

	 54.	 P. Hu, L. Li, L. V. Wang, Location-dependent spatiotemporal antialiasing in photoacoustic 
computed tomography. IEEE Trans. Med. Imaging 42, 1210–1224 (2023).

	 55.	 P. Zhang, L. Li, L. Lin, P. Hu, J. Shi, Y. He, L. Zhu, Y. Zhou, L. V. Wang, High-resolution deep 
functional imaging of the whole mouse brain by photoacoustic computed tomography 
in vivo. J. Biophotonics 11, e201700024 (2018).

	 56.	 G. Li, L. Li, L. Zhu, J. Xia, L. V. Wang, Multiview Hilbert transformation for full-view 
photoacoustic computed tomography using a linear array. J. Biomed. Opt. 20, 066010 
(2015).

	 57.	 P. K. Pandey, S. Wang, H. O. Aggrawal, K. Bjegovic, S. Boucher, L. Xiang, Model-based 
x-ray-induced acoustic computed tomography. IEEE Trans. Ultrason. Ferroelect. Freq. Contr. 
68, 3560–3569 (2021).

	 58.	 P. K. Pandey, S. Wang, L. Sun, L. Xing, L. Xiang, Model-based 3-D x-ray induced acoustic 
computerized tomography. IEEE Trans. Radiat. Plasma Med. Sci. 7, 532–543 (2023).

	 59.	 Z. Jiang, S. Wang, Y. Xu, L. Sun, G. Gonzalez, Y. Chen, Q. J. Wu, L. Xiang, L. Ren, Radiation-
induced acoustic signal denoising using a supervised deep learning framework for 
imaging and therapy monitoring. Phys. Med. Biol. 68, 235010 (2023).

	 60.	 Y. Lang, Z. Jiang, L. Sun, L. Xiang, L. Ren, Hybrid-supervised deep learning for domain 
transfer 3D protoacoustic image reconstruction. Phys. Med. Biol. 69, 085007 (2024).

	 61.	 Z. Jiang, L. Sun, W. Yao, Q. J. Wu, L. Xiang, L. Ren, 3D in vivo dose verification in prostate 
proton therapy with deep learning-based proton-acoustic imaging. Phys. Med. Biol. 67, 
215012 (2022).

	 62.	L . Li, L. Zhu, C. Ma, L. Lin, J. Yao, L. Wang, K. Maslov, R. Zhang, W. Chen, J. Shi, L. V. Wang, 
Single-impulse panoramic photoacoustic computed tomography of small-animal 
whole-body dynamics at high spatiotemporal resolution. Nat. Biomed. Eng. 1, 0071 (2017).

	 63.	T . P. Matthews, J. Poudel, L. Li, L. V. Wang, M. A. Anastasio, Parameterized joint 
reconstruction of the initial pressure and sound speed distributions for photoacoustic 
computed tomography. SIAM J. Imaging Sci. 11, 1560–1588 (2018).



Wang et al., Sci. Adv. 10, eads1584 (2024)     6 December 2024

S c i e n c e  A d v a n c e s  |  R e s e ar  c h  A r t i c l e

8 of 8

	 64.	 J. Poudel, T. P. Matthews, L. Li, M. A. Anastasio, L. V. Wang, Mitigation of artifacts due to 
isolated acoustic heterogeneities in photoacoustic computed tomography using a 
variable data truncation-based reconstruction method. J. Biomed. Opt. 22, 41018 (2017).

	 65.	 Y. Zhou, J. Yao, L. V. Wang, Tutorial on photoacoustic tomography. J. Biomed. Opt. 21, 
061007 (2016).

	 66.	 P. Beard, Biomedical photoacoustic imaging. Interface Focus 1, 602–631 (2011).

Acknowledgments 
Funding: This work was supported by the National Institutes of Health (R37CA240806, 
U01CA288351, and R50CA283816). We would like to acknowledge the support from UCI Chao 
Family Comprehensive Cancer Center (P30CA062203). Author contributions: The research 
was initiated and outlined by L.X. S.W. was responsible for the assembly and testing of the 
imaging system. P.K.P. conducted the analysis of imaging resolution and reconstruction and 

carried out simulations. G.L. undertook experimental testing. R.J.P.v.B. was in charge of 
developing algorithms for signal processing. L.S. was tasked with creating the image 
reconstruction algorithm. Y.X. was responsible for creating the diagrams. Under the guidance 
and supervision of L.X., the study was conducted. In the writing of the manuscript, L.X. 
collaborated with all team members, ensuring a collective effort in its composition. 
Competing interests: The authors declare that they have no competing interests. Data and 
materials availability: All data needed to evaluate the conclusions in the paper are present in 
the paper and/or the Supplementary Materials.

Submitted 31 July 2024 
Accepted 1 November 2024 
Published 6 December 2024 
10.1126/sciadv.ads1584


	X-ray–induced acoustic computed tomography: 3D X-ray absorption imaging from a single view
	INTRODUCTION
	RESULTS
	3D XACT imaging system
	Numerical simulations of a digital human breast phantom
	Imaging multiple objects at different depths
	3D imaging rendering
	3D imaging of biological sample

	DISCUSSION
	METHODS
	Experimental setup
	Imaging protocols
	3D XACT image reconstruction

	Supplementary Materials
	The PDF file includes:
	Other Supplementary Material for this manuscript includes the following:

	REFERENCES AND NOTES
	Acknowledgments

	X-ray–induced acoustic computed tomography: 3D X-ray absorption imaging from a single view
	INTRODUCTION
	RESULTS
	3D XACT imaging system
	Numerical simulations of a digital human breast phantom
	Imaging multiple objects at different depths
	3D imaging rendering
	3D imaging of biological sample

	DISCUSSION
	METHODS
	Experimental setup
	Imaging protocols
	3D XACT image reconstruction

	Supplementary Materials
	The PDF file includes:
	Other Supplementary Material for this manuscript includes the following:

	REFERENCES AND NOTES
	Acknowledgments




