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1 | INTRODUCTION

| Prabodh Kumar Pandey? | Yifei Xu' |
| Zhehui Wang®

Leshan Sun?® |
| Shawn (Liangzhong) Xiang'-%*

Abstract

Background: X-ray Induced Acoustic Computed Tomography (XACT) is an
emerging imaging technique that provides 3D volumetric images from a sin-
gle projection by detecting X-ray-induced acoustic (XA) waves with ultrasound
(US) transducers. Unlike MRI or CT, XACT enables real-time 3D imaging without
long acquisition times, 2D limitations, or motion artifacts from mechanical rota-
tion. Furthermore, when integrated with conventional pulse-echo US through
time-sequenced operation, XACT provides complementary soft-tissue contrast,
establishing it as a promising platform for dynamic interventional radiology (IR)
guidance.

Purpose: This study aims to evaluate the feasibility of XACT as a novel imaging
tool for IR, specifically for guiding needle placement and monitoring contrast
agent dynamics.

Methods: We developed a 3D XACT imaging system equipped with a 256-
element 2D matrix array and a portable X-ray tube to visualize needle insertion
and contrast agent dynamics. To capture both needle position and soft tissue
anatomy, we integrated a dual-modality system combining XACT with pulse-
echo US using a 128-element linear US array. Experiments were conducted
on both tissue-mimic phantoms and soft tissue samples. GPU-accelerated
algorithm has been developed for 3D XACT image reconstruction.

Results: The results demonstrate the 3D capabilities of XACT imaging for inter-
ventional procedures, including monitoring of needle placement and tracking of
contrast agent dynamics. The imaging speed reached up to 3~4 s per frame,
constrained by the repetition rate of the X-ray source and signal to noise ratio.
The dual-modality approach provided clear visualization of the needle’s position
and the surrounding soft tissue structures, achieving imaging resolution around
2 mm.

Conclusions: This study demonstrates that XACT imaging is feasible to be
used for IR. Its 3D imaging capability with faster imaging speed would be an
alternative to cone beam CT and its capability to combine US imaging will
provide richer information for soft tissue

times, limited accessibility, and the need for specialized
equipment restrict its utility in time-sensitive, dynamic

Interventional radiology (IR) procedures depend heavily
on imaging technologies for accurate needle placement
and real-time monitoring of contrast agent delivery’
While existing modalities provide critical guidance, each
has inherent limitations?~ Magnetic resonance imaging
(MRI) offers superb soft-tissue contrast, which is ideal
for anatomical delineation” However, its long acquisition

procedures®® X-ray fluoroscopy, widely used in IR,
provides real-time imaging with high temporal resolu-
tion but is fundamentally limited to two dimensions,
offering no depth information and making 3D naviga-
tion challenging*'? Cone-beam computed tomography
(CBCT) provides high-resolution 3D imaging, but only
through rotational acquisition over several seconds,
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which introduces motion artifacts and renders it unsuit-
able for continuous, real-time imaging during dynamic
interventions’ 12

These limitations point to a need for an imag-
ing platform that combines the strength of current
technologies—real-time, 3D imaging, and with soft-
tissue contrast’®'* To address this gap, we have
developed a novel imaging technique called X-ray
Induced Acoustic Computed Tomography (XACT)'>-18
XACT leverages short-pulsed X-ray beams to gener-
ate acoustic waves in tissue, which are then detected
by ultrasound (US) transducer to reconstruct volumet-
ric images'®~7-1° Unlike CBCT, XACT can produce 3D
images from a single X-ray projection?’ eliminating the
need for mechanical rotation and reducing susceptibility
to motion artifacts, thus making it a promising candidate
for real-time guidance in 3D.

Previous studies have validated XACT’s perfor-
mance in static imaging scenarios, including breast
imaging?'?2 bone mapping?>2® and molecular con-
trast detection?”2® Recently, XACT has demonstrated
its capability of 3D imaging with a single projec-
tion. However, its capability for capturing dynamic
processes—such as needle tracking or monitoring the
flow of contrast agents-remained unproven. Moreover,
while X-ray-based imaging techniques generally lack
strong soft-tissue contrast?®3® XACT can be combined
with conventional pulse-echo US in a single plat-
form offers soft-tissue visualization'® This dual-modality
approach has the potential to provide rich anatom-
ical and functional information during interventional
procedures, improving accuracy and safety.

In this study, we demonstrated the feasibility of the
3D capabilities of XACT imaging for interventional
procedures, including monitoring of needle placement
and tracking of contrast agent dynamics in 3D. We
have also demonstrated a dual-modality system that
integrates XACT with pulse-echo US, enabling clear
visualization of the needle trajectory and surround-
ing soft-tissue structures. Together, these developments
establish XACT as a promising platform for next-
generation interventional imaging.

2 | MATERIALS AND METHODS
21 | Theory of XACT imaging

The evolution of X-ray induced acoustic waves is
governed by3'32:

3%p (7, t)
at2

s (f)

_ 2w 2 - — -
c?V2p (F, t) FH(r)—at,

(1)

with T being the Gruneisen parameter, ¢ being the sound
speed in the medium. H represents the X-ray energy

deposition, and the initial pressure source. The solution
to Equation (1) is given by33:

Lo T a1 S

Pl =72 <Ct /S(?l,t)H(r)dS (t)),|r 7= ct,

2)
where S'(t) represents a spherical surface centered at
a detector (located at 7) with radius vt as illustrated in
Figure 1(a).

The pixel intensity in XACT images, reconstructed
from captured X-ray-induced acoustic (XA) signals,
reflects the X-ray energy deposition distribution. To get
more accurate reconstruction compared with the tradi-
tional back projection, model-based XACT algorithm is
used34-37

In discrete domain, the XA measurements p@ at a
g™ detector at all time steps can be expressed in the
following way3436:

P =aQ%h, (3)

where Q(q) is a matrix dependent upon the distance
of node in the 3D grid from the transducer, and vt
as illustrated in Figure 1(a). The full XA measurement
vector p (size: Ny. Ni.1; Ny : number of detectors, N; :
number of timesteps) can thus be expressed as:

" 4@ ul
p=Mh, M= Q" ,Q7 ,..,Q

(4)

with M being the model-matrix with dimension: (N,.Ny) X
N where N is the number of voxels. In the inverse prob-
lem, we evaluate the X-ray energy deposition h from
the measures XA signal from pmeas by solving the least

squares problem:

—meas

h = argmin [r— MQHz +22||Lhl[5, (5)

where L is the regularization matrix. The size of the
model-matrix is typically too large, storing M requires a
lot of memory. Therefore instead of directly computing
M, we compute Mu and MTv on-the-fly iteratively® Thus,
the efficiency of iterative execution in calculating Mu and
MTK is directly affecting the reconstruction and imaging
speed.

2.2 | GPU-accelerated 3D XACT image
reconstruction

Implementing GPU-accelerated code is important to
achieve high imaging speed, and potentially real-time
imaging. Model-based XACT reconstruction algorithm is
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FIGURE 1 GPU-accelerated 3D XACT image reconstruction. (a) 3D XACT imaging system setup and reconstruction geometry, R denotes
the distance from the detector q to the node in the 3D reconstruction grid of the region of interest (ROI); detector q is any elements of the 256
elements in the matrix/planar US array. (b) Pipeline flow of the CUDA-accelerated Model-based XACT algorithm. Variables defining the
detection settings(such as reconstruction grid, detector coordinates, sampling frequency ... etc.). In CUDA, the matrix waiting for calculation is
first transferred from CPU memory to GPU global memory, then divided into each individual thread with corresponding to each individual cores
in the GPU for parallel computation; After the calculation is done, it then transfers back to the GPU global memory and then back to CPU for
further processing. Through the implementation of mexcuda libraries, C++ based GPU accelerated code can be used in Matlab.

based on the MATLAB platform3*36 However, the built-
in parallel computing tools provided by MATLAB were
either insufficient in speed for our specific application
or lacked fine-grained control over individual processing
units, limiting opportunities for performance optimiza-
tion. To address this,a MexCUDA-based implementation
in C++ was integrated via the MATLAB?3%:38.3°

The workflow of the GPU-accelerated model-based
reconstruction is illustrated in Figure 1(b). Performance
profiling revealed that the operations involving and M7 v
and Mu computation of the model matrix dominates
the computational cost, with a time complexity of O(n?)
which n is primarily dependent on the number of pix-
els and the sensor number. Consequently, optimization
efforts were focused on accelerating this component.

The CUDA-based reconstruction pipeline in
Figure 1(b) proceeds as follows:

. The core C++ code is compiled into a .cu executable

using the Mexcuda compiler and placed within the
MATLAB working directory.

. The vectorized variables(detector and pixel coordi-

nates ... etc.) are converted to gpu_Array() objects
in MATLAB to facilitate transfer to the GPU memory
space.

. The mexcuda function accesses input variables from

the MATLAB workspace by referencing pre-allocated
pointers in the GPU memory.

. Parallel computation is distributed across 256

threads per block, with the total block size determined
by the number of iterations required for image recon-
struction, which depends on the voxel count of the
target image.

. Atomic operations are employed within the CUDA

kernels to prevent race conditions.
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FIGURE 2

3D XACT imaging system in imaging the therapeutic needle. (a) the XACT experimental setup for 3D imaging, the 16 x 16

element US matrix array is placed 90 degrees to the X-ray beam (b) Shows the phantom setup, 14-gauge(2 mm) stainless-steel needle is
embedded in a 3% agar phantom, the length is 3 cm. (c) Comparison of the detected XA signals with no average - 20 averages - 100 averages
and 1000 averages, X-axis represents time steps sampled at 40 MHz sampling rate. (d) Hilbert-envelope of the coherently summed RF signal
(Channel 121) for N = 1,20,100, and 1000pulses. SNR values are reported in the legend. (e) 3D reconstructed image from the needle with 1000

average. (f) 3D reconstructed image from 100 pulses.

6. Upon completion, the processed data are transferred
from the GPU’s shared memory back to the CPU.

All computations were performed on a workstation
equipped with a 6-core AMD Ryzen 5 5600X CPU and
an Nvidia Quadro P1000 GPU, featuring 640 CUDA
cores and compute capability 6.1. The implementation
was carried out using Microsoft Visual C++ 2019 and
CUDA Toolkit version 11.7.0.

2.3 | XACT imaging systems

2.3.1 | 3D XACT imaging system

Figure 2(a) depicts the experimental setup for 3D XACT
imaging system, comprising an X-ray excitation source
and a 256 elements planar/matrix geometry US array
system (Doppler Co. Limited, Guangzhou, China) with a
center frequency of 1 MHz and a bandwidth of 60%.
The captured signals were processed using a 256-
channel data acquisition (DAQ) system (LEGION 256,
PhotoSound Technologies Inc., Houston, USA). The X-
ray source used is a pulsed generator (XR200, Golden
Engineering, IN, USA), positioned to deliver horizon-
tally directed X-ray pulses toward the imaging target. A

tissue-mimicking agar phantom or pork belly sample is
placed within the beam path and aligned above the US
array.

For each experiment, a single or multiple 50 ns X-ray
pulse is utilized to ensure precise energy deposition and
mitigate cumulative radiation exposure. The system is
capable of a 10 Hz repetition rate; however, the repetition
rate is not strictly stable and exhibits occasional upward
fluctuations.

Figure 2(c)—(e) illustrate the effects of background
noise and pulse averaging on the signal-to-noise ratio
(SNR) and image reconstruction. Figure 2(c) demon-
strates the impact of XA signal averaging on the
measured time-domain waveform. As the number of
averaged frames N increases (1, 20, 100, and 1000),
the baseline fluctuations are progressively suppressed
and the XA waveform becomes more clearly dis-
cernible. This behavior is consistent with the expected
benefit of ensemble averaging: for predominantly
uncorrelated noise, the noise level decreases approx-

imately as 1/\/KI, yielding an SNR improvement that

scales roughly with \/N The corresponding quanti-
tative SNR values are summarized in Figure 2(d). At
large N (e.g., 1000 averages), the SNR improvement
becomes less pronounced, likely because residual
correlated/non-random disturbances do not average
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FIGURE 3 Dual-modality XACT/US system setup. (a) The schematic illustrates the internal configuration of the dual-modality acquisition

system. The system integrates 128 channels capable of operating in both pulse-echo and receive-only modes, with built-in preamplifiers (AFE
5832 Texas Instruments, Dallas, TX, USA). A transmit/receive (Tx/Rcv) switch is incorporated to synchronize DAQ between XA and US modes,
enabling auto switching the preamplifier between 2 different modes. (b) Timing diagram of the X-ray pulse, XA acquisition and US acquisition.

X-ray pulse firing, XA acquisition and US acquisition are synchronized that after 100 XA signal acquisition, 1 US images is taken. The whole

pipeline flow is controlled through a python control program.

out as effectively. Overall, reconstructions with N 2100
pulse averages provide high-contrast, high-quality
results (Figure 2(f) in comparison with 1000 pulses
reconstruction (Figure 2(e)).

232 |
system

Dual modal XACT and US imaging

To enable dual-modality XACT/US imaging, a dual
modality XA/US acquisition system (PhotoSound Tech-
nologies Inc., Houston, USA) was developed for both

XA and US imaging (Figure 3(a)). Since XA signals
are typically much weaker than the traditional pulse-
echo US signals, a dedicated preamplifier of 51 dB
gain is required to boost the XA signal to a detectable
level'®19 In contrast, conventional pulse-echo US imag-
ing generally does not require such amplification due
to the inherently stronger echo signals. To address
these differing signal requirements without the need to
manually swap the preamplifier between XA and US
acquisitions, the DAQ system incorporates an integrated
Tx/Rcv switch that toggles between transmit/receive
and receive-only modes. This design not only ensures
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appropriate signal conditioning for each modality but
also streamlines the workflow and reduces the time
between XA and US acquisition down to almost zero
which enables dual-modal imaging simultaneously. A
clinically approved 128-element US probe(L12-5N40-
A4, 5-12 MHz, Telemed, Milan, Italy) is incorporated
into the system, and US images are captured using
the clinically validated software EchoWave (Telemed
Ultrasound, Milan, Italy). The dual-modal XA/US DAQ
is synchronized as shown in Figure 3(b) with the X-
ray pulse through a self-made scintillator circuit and
a function generator (33600A, Keysight, Santa Rosa,
USA). After 100 X-ray pulses with 100 XA signal acqui-
sition, the Tx/Rcv switch is toggled, and changed to US
mode where one US image is recorded. In the proposed
dual-modality system, XACT and US data are acquired
using the same probe with nearly simultaneous timing,
resulting in inherent spatial co-registration. This intrin-
sic alignment enables direct fusion of XACT functional
contrast with US anatomical information. A pork belly tis-
sue was used to demonstrate XACT’s potential future
capabilities of in vivo imaging.

2.3.3 | Imaging protocols

To mimic human muscle properties, the experiments
shown in Figures 1-3 utilized targets embedded within
3% agar phantoms (Difco™, Becton, Dickinson and
Company, NJ, USA) as the imaging medium, provid-
ing both US coupling and human muscle-mimicking
properties.

In this study, XACT measurements were performed
using a pulsed portable X-ray source (Golden Engi-
neering XR200) synchronized with the US acquisition
system. According to the manufacturer specifications,
the XR200 output is approximately 2.6—3 mR per pulse
measured at 12 inches from the source. During each
imaging sequence, the XR200 delivered discrete X-ray
pulses at a repetition rate of 10 Hz, and the result-
ing X-ray—induced acoustic emissions were recorded
by the US transducer for subsequent reconstruction. In
all experiments, the X-ray source operated at a fixed
projection angle, while the US probe was positioned
at 90-degree angle or 180-degree relative to the X-ray
beam direction. The acquisition window on the DAQ
system was configured with varying samples per trig-
ger pulse at a constant sampling frequency of 40 MHz.
The system’s maximum sampling provides a coverage
of approximately 15.3 cm and a sound propagation
duration roughly of 102 us, ensuring sufficient tempo-
ral and spatial range to capture all generated signals.
The filtering parameters for the X-ray—induced acoustic
tomography (XACT) RF data differed slightly between
the 2D and 3D systems. For denoising, the raw RF sig-
nals were first corrected for DC offset by subtracting

the temporal mean of each channel. Channels exhibiting
abnormal amplitude or saturated responses (indicative
of atypical sensitivity) were excluded. The remaining
data were then averaged across the acquired frames
to improve SNR. Finally, the signals were band-pass
filtered to suppress low-frequency disturbances (e.g.,
mechanical motion and power-line interference) and
high-frequency electromagnetic interference (EMI). For
the 256-element matrix array, a 0.5-1.5 MHz band-pass
filter was applied. In contrast, for the 128-element linear
array, a 5-12 MHz band-pass filter was applied to match
the transducer bandwidth. All signal preprocessing and
filtering were implemented in MATLAB.

3 | RESULTS

3.1 | 3D XACT imaging on monitoring of
needle placement in human mimic
phantom

An initial 3D needle monitoring experiment was
conducted to evaluate the system’s ability to track
the insertion of a therapeutic needle as shown in
Figure 4. The imaging volume was chosen as a 5 cm x
5 cm x 5 cm cube, providing sufficient spatial coverage
to observe the full trajectory of the needle during inser-
tion. To ensure precise and controlled advancement,
the needle was mounted on a linear motor stage, which
enabled fine adjustments of both insertion force and
distance. The needle was advanced in incremental
steps of 3 mm, ensuring accurate spatial tracking of the
needle tip within the imaging volume.

For each imaging step, the reconstructed image was
averaged over 100 X-ray pulses to enhance the SNR
and improve overall image quality. To further refine
image quality, background noise and back-reflection
artifacts—particularly signals originating from regions
far outside the true target location—were selectively
removed from the acquired data. Additionally, a band-
pass filter was applied during post-processing to sup-
press unwanted frequency components and enhance
the detectability of the needle within the tissue-
mimicking phantom. This comprehensive experimental
setup provided high-fidelity, dynamic 3D images of the
needle insertion process and established a strong foun-
dation for future investigations focused on real-time
interventional guidance.

3.2 | 3D XACT imaging of contrast agent
dynamics

A 3D visualization experiment was performed to demon-
strate the system’s ability to image the dynamic flow of
contrast agent (Omnipaque 300™, iohexol, GE Health-
Care) within a blood vessel-mimicking phantom. The
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FIGURE 4 3D XACT therapeutic needle monitoring. The reconstructed imaging volume covered a 5 cm x 5 cm x 5 cm cube. The needle
was advanced using a linear motor stage, allowing precise control over insertion force and distance to minimize the formation of large air
channels caused by inconsistent needle movement. The insertion was performed in 3 mm increments, matching the lateral resolution limit of the
transducer array.

contrast agent was injected into a silicone tube designed
to simulate a blood vessel, with an inner diameter of
2.5 mm. To precisely control both the flow rate and
the position of the contrast bolus within the imaging
volume, the agent was advanced using a therapeu-
tic needle connected to a pump system. This setup
allowed for fine regulation of the flow speed and ensured
accurate, reproducible positioning of the contrast agent
within the tube (Figure 5(b)). An initial fully filled con-
trast agent static image is shown in Figure 5(c) to
demonstrate the complete U-shaped tube in XACT. For
dynamic XACT images, the injection was maintained
at a constant rate of 10 mL per minute, providing a
steady flow that enabled clear visualization of the con-
trast agent as it moved through the vessel-mimicking
structure (Figure 5(a)). This experiment highlights the
system’s potential for high-resolution, dynamic 3D imag-
ing of contrast flow, which is essential for applications in
vascular imaging and interventional guidance.

3.3 | Dual modality XACT/US of the
needle placement in soft tissue

The needle insertion was demonstrated on real tissue
to validate the feasibility of XACT in the interventional

procedure. To mimic human tissue properties, a pork
belly sample was chosen for its similarities with human
skin, fat, and muscle layers. A 14-gauge(2 mm) ther-
apeutic needle was inserted through the skin into the
tissue (Figure 6(a)). To prevent strong acoustic reflec-
tions caused by the water—air interface, the inside of
the needle was filled with water, minimizing impedance
mismatch effects. Precise needle insertion was con-
trolled using a linear motor stage (DDS220, Thorlabs
Inc., Newton, USA), advancing the needle in 3 mm
increments. The L12-5L40N-A4 probe was positioned
on the top of a pork belly with a thin layer of US gel to
ensure proper acoustic coupling, while the X-ray beam
was directed from the side, perpendicular to the inser-
tion axis. After each needle advancement, 100 X-ray
pulses were delivered and recorded by the DAQ system,
followed by US image acquisition. The XACT image was
reconstructed using an average of over 100 pulses per
frame. A FWHM measurement performed on the LSF
of the XACT image reveals that, with an average over
100 pulses, the system achieves a lateral resolution
of approximately 2.3 mm (Figure 6(b)). The initial 4
frames of the dual-modality XACT/US are shown in
Figure 6(c), Needle insertions at depths of 1 mm, 4 mm,
7 mm, and 10 mm into pork belly tissue were visual-
ized using XACT. Concurrently, US imaging provided
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FIGURE 5 3D XACT of the X-ray contrast agent monitoring (a) Contrast agent (Omnipaque 300™ iohexol, GE HealthCare). is injected into
a silicone blood-vessel mimicking tube and pushed with a therapeutic needle controlled by a pump to precisely control the flow-speed therefore
the location of the tube. The inner diameter of the tube is 2.5 mm, and the contrast agent is injected at the constant rate of the 10 mL per
minute. (b) System set up of the 3D dynamic contrast agent experiment, the contrast agent is circulating with water mixing towards a fixed
direction at a constant flow rate within the U-shaped tube. The X-ray beam is hitting perpendicularly to the U-shape tube, and the matrix US
detector is placed after the U-shaped tube. (c) A static 3D XACT image of the U-shaped tube when it’s filled with X-ray contrast agent

completely with 100 pulses averages.

complementary background information of the sur-
rounding tissue. Currently, the overlay of XACT and
US soft tissue background is performed manually
using MATLAB; however, future work aims to incorpo-
rate advanced automated deep-learning-based image
registration techniques.

4 | DISCUSSION

In summary, our study demonstrated the feasibility of
using XACT as a fast, 3D imaging modality for IR
applications, including needle guidance and contrast
agent monitoring. The results validate that XACT, when
integrated with US to form a dual-modality system,
can provide complementary information by utilizing the
strengths of both acoustic and radiological imaging
approaches. Compared to traditional cone-beam CT,
XACT offers several unique advantages. First, XACT
enables true 3D imaging without the need for rota-
tional scanning®® thereby eliminating motion artifacts
and reducing procedural delays inherent in CBCT

workflows*? Moreover, the use of short-pulse X-ray exci-
tation allows for rapid DAQ with less dosage, achieving
imaging speeds up to 1 frame per 3—4 s—limited cur-
rently by the pulse repetition rate of the X-ray source
and the acoustic SNR. This feature opens the possibility
of near real-time imaging in dynamic interventional pro-
cedures, a capability not currently achievable with CBCT
or traditional fluoroscopy*' Furthermore, the integration
of XACT with conventional US provides an innovative
imaging platform that enhances soft tissue visualiza-
tion while simultaneously offering high-contrast tracking
of radio-opaque objects such as needles and contrast
agents. This dual-modality approach may address long-
standing challenges in US-guided interventions, where
acoustic artifacts, limited viewing angles, and poor nee-
dle conspicuity often compromise procedural safety and
efficacy.

Nonetheless, several limitations should be acknowl-
edged. The current system provides ~2 mm effective
resolution, which is sufficient for proof-of-concept
contrast localization and coarse needle guidance and
is on the same order as the few-millimeter targeting
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FIGURE 6

Dual-modality imaging with XACT. (a) Schematic of the experimental setup. (b) Plotting of the Line Spread Function (LSF).

Full-Width Half Maximum (FWHM) of the XACT’s line profile and the gaussian fit line, the resolution is around 2—-3 mm. (c) Representative video
frame of the 2D US image overlaid with the XACT image. The US image captured using commercial software (EchoWave I, Telemed
ultrasound, Milan, Italy) with the L12-5L40N-A4 array, provides anatomical details of tissue layers (fat, muscle), while XACT enhances needle

contrast dynamically (100 averages, ~4 s per frame).

accuracy commonly required in many needle-based
interventions. Future work will improve image fidelity
via bandwidth/aperture optimization and limited-view
mitigation to support more demanding tasks (e.g.,
small-lesion and margin-sensitive targeting).The cur-
rent imaging speed, although significantly faster than
conventional CT, is still constrained by the X-ray sys-
tem’s repetition rate and the need for signal averaging
to achieve clinically acceptable image quality. Moreover,
while the spatial resolution XACT achieved is sufficient
for gross anatomical guidance, further optimization is
required to improve the resolution toward sub-millimeter
levels, required for fine-needle interventions. Another
critical aspect yet to be addressed is that the current
system relies on a portable pulsed X-ray generator
(XR200), which, while convenient and compact, inher-
ently suffers from a low repetition rate (up to 10 Hz) and
a relatively small focal spot size. The low repetition rate
limits the achievable imaging speed, making real-time
continuous imaging challenging, especially for rapidly

changing events such as needle adjustments. Finally,
the small hotspot of the X-ray restricts the field of view
and requires multiple re-positionings to cover larger
anatomical regions*? The absence of an active cooling
mechanism in the X-ray source further imposes thermal
constraints on prolonged imaging sessions. After short
imaging sessions, the X-ray tube requires an enforced
cooling period of approximately 3—4 min to prevent ther-
mal damage, severely restricting workflow efficiency and
precluding continuous or prolonged imaging sequences.
This limitation not only impacts the practicality of XACT
in dynamic procedures but also introduces workflow
interruptions that may be incompatible with clinical inter-
ventional timelines. The current experimental validation
was conducted using simplified tissue phantoms, which
do not fully replicate the X-ray attenuation or acoustic
properties of biological tissue. As such, the presented
results primarily demonstrate system feasibility under
controlled conditions. In addition, dual-modality imag-
ing is currently demonstrated in a two-dimensional
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configuration. Ongoing work focuses on extending the
framework to fully three-dimensional imaging and eval-
uating performance with advanced DAQ system in more
realistic models to establish clinical relevance. Further-
more, while the proposed framework is compatible with
2D matrix arrays for volumetric dual-modality imaging,
practical implementation introduces additional chal-
lenges, including increased data-transfer bandwidth,
channel multiplexing, and careful timing-sequence
design. In particular, XACT requires low-noise preampli-
fiers whereas conventional US does not, necessitating
a robust switching scheme to prevent high-voltage
transmit pulses from damaging the receive circuitry.

These hardware constraints underscore the need for
future system improvements, such as the development
of high-repetition-rate, actively cooled X-ray sources
with larger and uniform beam profiles suitable for vol-
umetric imaging over extended durations. In the future,
emerging X-ray technologies, such as those based on
Laser Wakefield Acceleration (LWFA), hold the potential
to address these limitations by providing ultrashort pulse
widths, significantly higher repetition rates*® and nar-
rower energy spectra***° Such sources could enable
true real-time 3D XACT imaging with improved tempo-
ral resolution, and enhanced image quality due to their
quasi-monochromatic nature.

Furthermore, the needle insertion procedure could
be automated using a more precise robotic arm*6—48
reducing reliance on manual operation. Conventional
US-guided needle tracking heavily depends on the
physician’s expertise and hand-eye coordination, which
can introduce variability in accuracy and procedure
success rates*® This reliance becomes even more
challenging under radiological conditions, where physi-
cians are exposed to ionizing radiation, further limit-
ing procedure time and increasing occupational risks.
Acoustic window limitations may also affect dual-
modality XACT-US imaging, since XACT detection
relies on an unobstructed acoustic path between the
emission region and the receive aperture. In clinically
relevant anatomies, probe placement constraints and
highly reflective/attenuating structures (e.g., bone) can
reduce angular coverage and SNR, leading to limited-
view artifacts. Future work will investigate optimized
probe positioning and integrated probe geometries to
maximize acoustic access and mitigate these effects.
Integrating a robotic-assisted system with real-time
imaging guidance—such as XACT—has the poten-
tial to enhance procedural precision, reduce operator
dependency, and improve safety by enabling remote or
shielded operation away from the radiation field.

Additionally, the manual overlay of XACT and US
images, although feasible in the current study, poses
a workflow bottleneck and may introduce misregistra-
tion errors. Future studies should focus on developing
automated, real-time fusion pipelines, potentially using
artificial intelligence-based registration and visualization
frameworks.

5 | CONCLUSION

This study represents the first demonstration of
dynamic, 3D XACT and Dual Modality imaging for IR
applications, including needle placement guidance and
dynamic contrast agent monitoring. The dual-modality
approach combining XACT and US offers a promis-
ing imaging platform that leverages the strengths of
both modalities to enhance procedural safety and
accuracy.

However, some limitations persist, notably the con-
straints imposed by the current X-ray source’s low rep-
etition rate, small focal spot, and lack of active cooling,
which results in mandatory cooling periods to prevent
tube damage. These issues represent critical barri-
ers to the clinical translation of XACT and underscore
the need for system-level optimizations. Future work
will prioritize the development of high-performance,
actively cooled X-ray systems, improvements in imag-
ing speed and spatial resolution, and the integration of
advanced real-time dual-modality visualization tools. In
vivo studies are also essential to establish the clinical
feasibility and utility of XACT in guiding complex inter-
ventional procedures where existing modalities remain
inadequate.

In conclusion, both the dual-modality and 3D XACT
demonstrate significant potential for reliable application
in clinical IR, offering enhanced procedural accuracy
and serving as a valuable complement to existing
imaging technologies.
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