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Abstract: X-ray acoustic imaging is a hybrid biomedical imaging technique that can acoustically
monitor X-ray absorption distribution in biological tissues through the X-ray induced acoustic
effect. In this study, we developed a 3D volumetric X-ray-induced acoustic computed tomography
(XACT) system with a portable pulsed X-ray source and an arc-shaped ultrasound array transducer.
3D volumetric XACT images are reconstructed via the back-projection algorithm, accelerated
by a custom-developed graphics processing unit (GPU) software. Compared with a CPU-based
software, the GPU software reconstructs an image over 40 times faster. We have successfully
acquired 3D volumetric XACT images of various lead targets, and this work shows that the 3D
volumetric XACT system can monitor a high-resolution X-ray dose distribution and image X-ray
absorbing structures inside biological tissues.

© 2020 Optical Society of America under the terms of the OSA Open Access Publishing Agreement

1. Introduction

Since the 1950s, when X-ray induced acoustic (XA) waves were first observed, XA imaging
has been studied to monitor the distribution of X-ray absorptive targets in biological tissues
[1-4]. The principle of XA imaging is similar to that of laser based photoacoustic (PA) imaging.
With carefully selected wavelengths of excitation light, PA imaging can provide anatomical,
functional, and molecular information about biological tissues [5—19]. However, since optical
light is strongly scattered in biological tissues, the light penetration is significantly limited, and
consequently the PA imaging depth is relatively shallow compared to that of conventional medical
imaging modalities. However, because X-rays travel in straighter paths than optical light, using
X-rays with wavelengths shorter than those of optical light allows us to transmit more energy
deeper into the body [20]. After bodily targets absorb pulsed X-ray irradiation, they generate
ultrasound (US) waves through thermo-elastic expansion. By detecting these generated US waves
with a US transducer, it is possible to delineate the distribution of the X-ray absorbers [21,22].
The initial pressure rise of the XA wave is as follows [23]:

2_ 1 0 __BOoHG,Y
(V=15 =5p(70. 1) = T (1)

where p(7g, 1) is the XA wave pressure at location T and time 7, 75 is the detector transducer
location, vy is the speed of sound, S is the thermal coefficient of volume expansion, C,, is the heat
capacity at constant pressure, and H (75, 1) is the heating function of thermal energy conversion.
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By assuming the detector transducer location as the origin O for convenience, the pressure of the
XA wave can be expressed as follows [24]:

P00 = 47rﬁc,, /// %%

XA imaging has been the subject of much recent research. Hickling ef al. and Kim et al.
demonstrated XA-based dosimetry monitoring with a medical linear accelerator and a single
element US transducer [25,26]. Xiang et al. and Hao ef al. demonstrated X-ray induced
acoustic computed tomography (XACT) of lead and soft-tissue phantoms, using a clinical linear
accelerator and a single element US transducer [21,27]. Single element US transducers were
used for XA imaging in all these studies, but obtaining 2D cross-sectional images with a single
element US transducer requires slow mechanical scanning, which results in excessive X-ray
exposure at the imaging target. As an alternative, multi-element array US transducers can reduce
the scanning time through multi-channel data acquisition, and consequently X-ray exposure
can be minimized. Tang et al. reported XACT of lead samples with a 128-element ring array
transducer [28]. However, this system requires many averages (e.g., 3800 times) to improve the
signal to noise ratio (SNR) and provides only a 2D tomographic image.

For the first time to our knowledge, we present a 3D volumetric XACT system using an
arc-shaped US array transducer (96 elements) with a central frequency of 1 MHz, a 96-channel
data acquisition (DAQ) board, and a sample rotary stage. By rotating the imaged sample on the
azimuth axis passing through the focal point of the arc-shaped US array transducer (Rotation axis
in Fig. 1), we acquired XA signals from multiple directions, which were used to reconstruct 3D
volumetric XACT images by using custom-developed GPU-accelerated software for processing
the back-projection algorithm [29]. We acquired 3D volumetric XACT images of various lead
targets in water, and successfully obtained XACT images of lead targets embedded in chicken
tissues. The results show the high potential of the developed 3D volumetric XACT system for
monitoring high-resolution X-ray dose distributions and for imaging X-ray absorbing structures
inside biological tissues.
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Fig. 1. Schematic of a 3D volumetric X-ray induced acoustic computed tomography system.
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2. Materials and methods

2.1.  X-ray acoustic computed tomography system

Figure 1 is a schematic of the 3D volumetric XACT system. A portable pulsed X-ray tube
(XRS-3, Golden Engineering, USA) provides XA excitation. The X-ray tube achieves a tube
potential of 270 kVp, a repetition rate of 15 Hz, a pulse width of 50 ns, and an exposure level of
2.6 ~ 4.0 mR/pulse. The X-ray beam is delivered to the imaged target with a divergence angle
of 40° (0.73 m in diameter at 1 m distance). For XA signal detection, we used a 96-element
arc-shaped US array transducer with a center frequency of 1.03 MHz and a fractional bandwidth
(-6 dB) of 60%, ranging from 0.73 MHz to 1.34 MHz (12645-1001, IMASONIC SAS, France),
together with a 96-channel analog-to-digital converter (ADAQ96, Photosound Inc., USA). The
radius of curvature of the arc-shaped US array transducer is 65 mm, the pitch size of each element
is 1.4 mm, and the gap of each element is 0.1 mm. The average sensitivity of all 96 elements
is 9 mV with a minimum value of 4.1 mV and a maximum value of 13.1 mV. The sensitivity
homogeneity is 10.8 dB. By rotating the imaging target on the azimuth axis, it can be assumed
that the US transducer elements are distributed in a spherical shape with a radius of 65 mm. The
DAQ board records 3072 data points at a sampling rate of 31.3 MHz for each transducer element,
resulting in approximately 100 ps record length during which ultrasound wave can propagate 150
mm in water at room temperature. The preamplifier built into the 96-channel analog-to-digital
converter amplifies the detected acoustic signals by 31.9 dB. For 3D volumetric imaging, the
imaged target is rigidly suspended under a piezo rotation motor and rotated 360° to cover the
entire volume. The data acquisition and scanning processes are synchronized with a trigger signal
from a photodiode (PDA36A-EC, Thorlabs, USA) that detects the output of a scintillator when
an X-ray beam is fired. Scanning is performed at intervals of 2°, which is the optimal step angle
for acquiring XACT images without star artifacts and with minimal X-ray exposure. Deformation
of the imaging sample was prevented by sufficiently slowing the rotation speed and stopping at
each angle during scanning and data acquisition. To enhance the SNR, 15 frames are acquired
and averaged at each 2° step rotation interval. Therefore, the total data size is 3072 x 96 x 2700
% 4 (the number of recorded sample per transducer element X the number of transducer elements
X the number of frames (360° / 2° step X 15 frames for averaging) x 4-byte floating-point data
type). A water tank is designed to cover the entire scanning volume but minimize X-ray-water
interaction, because the X-ray beam can be significantly absorbed by water along the propagation
path.

Post-image processing and reconstruction are performed with a personal computer (i7-4790
CPU, Intel, USA; GTX-960 GPU, Nvidia, USA). To reconstruct a 3D volumetric XACT image
from raw data, we developed a GPU-accelerated image reconstruction software based on the
back-projection algorithm (Fig. 2(a)). The volume size of the reconstructed XACT image is 40
mm X 40 mm X 40 mm in the X, Y, and Z axes, respectively, and the voxel size is 0.1 mm. The
GPU software projects the detected XA data in cylindrical coordinates (6, p, z) to reconstruct
one 3D volumetric XACT image. Using arrival times of the detected XA signal, we can project
the scanned data into the imaging volume by calculating the distance between the image voxel
and the US transducer element location. As shown in Fig. 2(a), the distance between the imaged
voxel (6, p, z) and the ith US transducer element d; is

d; = \/(R cos ¢; — pcos 0)? + (psin6) + (z — Rsin ;) 3)

where R is the radius of the arc-shaped US array transducer and ¢; is the i transducer element’s
angle.

During the image reconstruction, the coordinates for image reconstruction and the transducer
element positions are calculated and the raw data is preprocessed (e.g., by averaging and data
offset removal) before the GPU computation (Fig. 2(b1)). Then the data is uploaded into the
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Fig. 2. . (a) Reconstruction geometry. R, radius of the arc-shaped US array transducer; ¢j,
i transducer element’s angle. (b) Pipeline of the custom-developed graphics processing
unit (GPU) software. TR, transducer.

GPU memory. For the back-projection process, we make three kernels that can be computed in
parallel: (1) a sample map kernel, (2) a data kernel made by projecting the sample and summing
all the elements, and (3) a kernel containing slice data added to the volume data. The sample
map kernel initializes the sample map (6, p, transducer elements), which gives the distance
(d;) between the image voxel in cylindrical coordinates and the position of the i transducer
element (Fig. 2(b2)). Then we project all the imaging frame data into cylindrical coordinates
according to the sample map. The initially mapped data is the data from each transducer element
projected onto the cylindrical coordinates. Therefore, we sum all the data from all the transducer
elements that contribute one tomographic slice image (6, p) (Fig. 2(b3)). We repeat the process
for every tomographic slice and store the tomographic slice data in the cylindrical volume (6, p,
7) (Fig. 2(b4)). After the back-projection process, we copy the back-projected data to the CPU
memory and convert the data to Cartesian coordinates (x, y, z) (Fig. 2(b5)).

3. Results and discussion

3.1.  X-ray induced acoustic characteristics of target materials

To verify the feasibility of X-ray induced acoustic signal generation and detection of our novel
system, we prepared aluminum, copper, glass, graphite, lead, and steel elongated blocks measuring
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4 mm X 4 mm X 40 mm (X, Y, and Z axes, respectively), which are potential candidates that
could be developed as contrast agents. To minimize X-ray absorption by water, the blocks were
placed near the wall of the custom-made (acryl) water tank. To analyze XA signals generated
from various material, a focused single element transducer with a central frequency of 0.5 MHz,
a fractional bandwidth (-6 dB) of 50%, and a focal length of 1 inch was used (Fig. 3(a)). The
main reason is that it was much easier and more precise to position the target materials at the
same location using the focused single-element transducer. A pulser/receiver (S072PR, Olympus
NDT, USA) with a gain of 50 dB and a low-noise amplifier (SR560, Stanford Research Systems,
USA) with a gain of 40 dB were utilized to amplify the generated XA signals. The detected XA
signals were recorded with an oscilloscope (MS05204, Tektronix, USA), and the signal was
averaged 99 times to enhance the SNR.
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Fig. 3. (a) Schematic of X-ray induced acoustic (XA) signal generation and detection. (b)
Mass energy absorption coeflicients of Al, aluminum; Cu, copper; glass; C, graphite; Pb,
lead; and Fe, steel. (c) Measured XA amplitude at 270 kVp.

The initial pressure rise, pg, can be expressed as follows [30]:

po = TnpiaF )

where the I' is the Gruneisen parameter, 77y, is the heat conversion efficiency, u, is the X-ray
absorption coeflicient (cm™), and F is the X-ray fluence (J/cm?). Several studies investigated the
Gruneisen parameters of materials, and method to measure Gruneisen parameters. For example,
the Gruneisen parameter of lead, copper, and steel are 2.1, 2.0, and 1.7, respectively [31-33].
The generated XA signal is proportional to the X-ray absorption coefficient. The mass energy
absorption values for the above-mentioned materials are shown in Fig. 3(b). At a 270 kVp X-ray
potential, lead has the highest mass energy absorption coefficient, copper has the second highest,
and those of the remaining materials are negligible in comparison. The mass energy absorption
coefficient of lead is almost two to three times higher than that of copper in the ~270 keV energy
range. The acquired XA signals from all the tested materials are shown in Fig. 3(c). The strongest
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XA signal was detected from lead, followed by copper. The XA signal from lead is 2.5 times
stronger than that of copper, matching well with the known mass energy absorption coefficient.
Additionally, the XA signal from aluminum, glass, carbon, and steel is 2.4, 2.6, 3.0, and 2.8 times
stronger than water which is used for the US coupling medium.

3.2. Comparison of the execution times of the back-projection algorithm

We compared the execution times of the back-projection algorithms in three systems: the CPU
software in MATLab (MathWorks, USA) [34], a custom-made CPU software in C**, and a
custom-made GPU software (Table 1). The data size was 3072 x 96 x 180 (sample length,
number of transducer elements, and imaging frames, respectively) in the floating-point data type
(4 byte) after averaging. The execution times of the CPU and GPU software were compared
by reconstructing 3D XACT images with various fields of view and voxel sizes. Of the two
CPU software, the C** software was 3.1 to 3.5 times faster than the MATLab software. After
accelerating the software with GPU parallel computing, the software becomes 41.2 to 43.3 times
faster than that of the MATLab software and 12.2 to 13.2 times faster than that of the C++
software.

Table 1. Comparison of the execution times of the back-projection algorithm.

Slice size CPU (i7-4790) MATLab [sec] CPU (i7-4790) C** [sec] GPU (GTX-960) [sec]
301 x 301 44.4 13.6 1.0
401 x 401 79.0 25.1 1.9
601 x 601 181.8 529 4.2
801 x 801 338.6 954 7.8

Data size: 3072 x 96 x 180 (Sample length x transducer elements X the number of frames). Listed execution time is for
one slice image.

3.3. 3D volumetric X-ray induced computed tomography imaging

For 3D volumetric XACT imaging, we imaged a 40 mm long lead target with a thickness of 1 mm
and a width of 1 mm (Fig. 4(a)). The lead target was suspended under the piezo motor and rotated
360° for whole volume scanning. Then we reconstructed the 3D volumetric XACT image with a
field of view of 40 mm X 40 mm x 40 mm (X, Y, and Z axis, respectively) and a step size of 0.1
mm, using the GPU software. The 3D volumetric XACT image and the movie were captured
with lab-made 3D volume visualization software. The acquired 3D volumetric XACT image
(Fig. 4(b) and Visualization 1) and the cross-sectional XACT image in the X-Y plane (Fig. 4(c))
at the yellow dashed line region in Fig. 4(b) clearly show the lead target’s original shape. There
was no additional process to remove the XA signal from water during the 3D volumetric XACT
image reconstruction. As seen in the XA amplitude profile (Fig. 4(d)), at the yellow dashed line
in the 2D cross-sectional image (Fig. 4(c)), the width of the lead target measures 1.1 mm, which
is a close match to its original thickness. The signal profile along time and response spectra of
the detected XA signal from lead is shown in Fig. 4(e and f). The measured — 6 dB bandwidth is
0.6 MHz, which is similar to the bandwidth of the 96-element arc-shaped US array transducer
(617 kHz). Then we measured signal to noise ratio (SNR) of the acquired 3D volumetric XACT
image. The SNR is calculated as the amplitude value of lead region divided by the standard
deviation of lead region. The measured SNR is 3.2.

We next prepared a complexly shaped ribbon lead target (Fig. 5(al)) for 3D XACT imaging,
and hung it under the piezo motor. The reconstructed 3D volume images clearly show the original
complex shape of the imaged target (Fig. 5(a2) and Visualization 2). Figures 5(a3 and a4) show
2D cross-sectional images of the target in the X-Y and X-Z planes, respectively. In the 2D
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Fig. 4. 3D volumetric X-ray induced acoustic computed tomography (XACT) of an
elongated lead target. (a) Photograph. (b) 3D volumetric XACT image (Visualization 1).
(c) Cross-sectional XACT image (X-Y plane). (d) XA amplitude profile acquired along the
yellow dashed line in c. (¢) XA amplitude profile along time. (f) Spectrum of the XA signal.

cross-sectional images, we extracted XA amplitude profiles from the target area (Fig. 5(a5) and
(a6)) along the yellow dashed line and marked each peak point in the 2D cross-sectional images
and XA amplitude profiles. Then we embedded two lead targets in a cross shape in chicken tissue
and hung the long vertical part under the piezo motor to acquire 3D volumetric XACT images
(Fig. 5(b1)). The lead targets embedded in the chicken tissue are visualized in the 3D XACT
images (Fig. 5(b2) and Visualization 3). The 2D cross-sectional images in X-Y planes and X-Z
planes are shown in Figs. 5(b3) and (b4) and the XA amplitude profiles at the yellow dashed line
in 2D cross-sectional images are shown in Figs. 5(b5) and (b6), respectively. The XA signals
from the horizontally placed part at the ribbon-shaped lead target (First peak in Fig. 5(a5)) is
lower than that of the vertically placed part (Second and third peaks in Fig. 5(a5)). Additionally,
as shown in the acquired XACT images and the XA amplitude profiles, the XA signals from the
horizontally embedded lead target (Second peak in Fig. 5(b6)) is lower than that of the vertically
embedded lead target (Peak in Fig. 5(b5) and first peak in Fig. 5(b6)). This difference of the XA
amplitude was due to the acoustic signal propagation direction and the US transducer geometry.
During rotational scanning of the sample, the horizontally oriented sample meets the arc-shaped
US array transducer orthogonally. Thus, the array transducer can detect only the XA signals
from the very close part, according to the direction of the XA signal propagation, and not the rest
of the horizontally placed part. Therefore, the XA signals from the horizontally placed portion in
the ribbon-shaped and the cross-shaped lead targets are relatively low.
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Fig. 5. 3D volumetric X-ray induced acoustic computed tomography of a ribbon-shaped
lead sample and a cross-shaped lead targets in chicken tissues. (al and b1) Photograph of
the lead targets. (a2 and b2) Reconstructed 3D volumetric XACT images (Visualization 2
and Visualization 3). Cross-sectional XACT images in (a3 and b3) X-Y and (a4 and b4) X-Z
planes. (a5 and b5) XA amplitude profile acquired along the yellow dashed line in a3 and
b3. (a6 and b6) XA amplitude profile acquired along the yellow dashed line in a4 and b4.

4. Discussion and conclusions

In this study, we developed a novel 3D volumetric XACT system with a pulsed X-ray source, a
96-element arc-shaped US array transducer, and a piezo rotation motor. The XA signal generation
and detection was verified with various materials, and it was found that the XA signal was
proportional to the mass energy absorption coefficient. The developed system provided 3D
volumetric XACT images by rotating the imaged target along the azimuth axis of the arc-shaped
US array transducer. The curvature of the arc-shaped ultrasound array transducer used in our
experiments is 65 mm optimized for the FOV of 40 mm X 40 mm X 40 mm (X, Y, and Z axis,
respectively), which is mainly suitable for imaging small animals. A large curvature, long
transducer length, and pitch size are required for clinical translation. For example, a photoacoustic
mammoscope was developed using twelve of 32-element arc-shaped US array transducer with
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the radius of curvature of 120 mm and the pitch size of 1.4 mm [35]. Additionally, as the pulse
width of the X-ray source increases, the high frequency component of the XA signal tends to
decrease, and the frequency response and potential spatial resolution of XA imaging are directly
dependent on the X-ray pulse width and the frequency response of the US transducer, the X-ray
pulse width and the frequency response of the US transducer can be optimized according to
desired image resolution and application. With the 3D volumetric XACT system, we successfully
obtained 3D volumetric XACT images of different shapes of lead targets in water and of lead
targets embedded in chicken tissue. Further, we accelerated the XACT image reconstruction with
GPU processing. With the custom developed GPU software, the reconstruction time was up to
43.3 times faster than with the CPU-MATLab software.

For the future clinical translation, the X-ray acoustic signals of bone and X-ray contrast media,
including iodine-based angioplasty contrast agents and barium-based gastrointestinal contrast
agents, can be analyzed using X-ray source energy in KeV region similar to the CT scanner.
Additionally, the X-ray energy of MeV region used for radiotherapy can be used for a radiotherapy
dosimeter as the generated XA signal is linearly related to the amount of exposed radiation
dose [36]. The developed 3D XACT system can be a potential tool for monitoring X-ray dose
distribution inside biological tissues, and it can also be applied to a variety of disease studies,
including radiation therapy monitoring, drug delivery, and molecular imaging.
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