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Two novel ultrasound imaging techniques with imaging contrast mechanisms are in the works:
X-ray-induced acoustic computed tomography (XACT), and nanoscale photoacoustic tomogra-
phy (nPAT). XACT has incredible potential in: (1) biomedical imaging, through which a 3D
image can be generated using only a single X-ray projection, and (2) radiation dosimetry. nPAT
as a new alternative of super-resolution microscopy can break through the optical di®raction limit
and is capable of exploring sub-cellular structures without reliance on °uorescence labeling.
We expect these new imaging techniques to ¯nd widespread applications in both pre-clinical and
clinical biomedical research.

Keywords: X-ray-induced acoustic computed tomography (XACT); low-dose CT; three-
dimensional (3D) volumetric imaging; nanoscale photoacoustic tomography; label-free super-
resolution.

1. Introduction

Since the founding of the practice of medicine,
humans have sought to understand the intricate
details of the functions of the living body. Before the
20th century, when technology was lacking, the
primary means to obtain such information was
through surgery, a highly invasive and potentially
dangerous solution. In the last 100 years, however,

immense progress has been made in the develop-
ment of new imaging techniques by which doctors
can noninvasively observe various structures rang-
ing from internal organs down to microscopic enti-
ties.1 While these techniques have been extremely
useful, new biomedical imaging technologies are
essential to fundamentally improve the detection,
treatment, and prevention of disease.2 This paper
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describes the exciting work the theranostics with
radiation-induced ultrasound emission (TRUE) lab
at The University of Oklahoma has performed on
two novel imaging techniques.

2. X-Ray-Induced Acoustic Computed
Tomography (XACT)

Since R€ontgen discovered X-rays more than 100
years ago, X-ray imaging has been an invaluable
tool in medical diagnosis, biology and materials
science.3–5 X-ray computed tomography (CT) has
proved tremendously useful for noninvasive medical
imaging ever since its inception nearly 50 years ago.
However, one issue that is intrinsic to CT is its large
radiation dosage. It is estimated that up to 2% of
cancer cases are the result of the radiation obtained
from CT imaging.6 This risk therefore can poten-
tially negate many of the bene¯ts provided by
CT. An answer to this unsolved problem is in the
works at the TRUE lab, X-ray-induced acoustic
computed tomography (XACT). XACT utilizes a
newly discovered physics principle, that X-rays can
generate acoustic waves within tissue.7 While CT
relies upon a rotating X-ray source and many X-ray

projections to obtain a three-dimensional (3D)
image, XACT can generate a 3D image through one
single X-ray projection, drastically decreasing radi-
ation dose. While XACT potentially has many de-
sirable features, this revolutionary fact alone has
given enough warrant to pursue this new technique.

The physics behind XACT is simple: the sample
to be imaged is irradiated with pulsed X-rays. Inner-
shell electrons then absorb these X-ray photons and
become excited, causing photoelectrons to be re-
leased. This transfer of energy increases the tem-
perature and, thus, produces atomic vibrations.
The ultimate result is the emission of ultrasound
waves in all directions.7 As these waves are 3D in
nature, a single projection allows for 3D recon-
struction via the induced acoustic waves (Fig. 1).
The amplitude of the acoustic wave is proportional
to X-ray absorption; therefore, the contrast mech-
anism for this technique is the same as that of CT in
its ability to di®erentiate tissue.7

XACT imaging as a novel biomedical imaging
modality was ¯rst proposed and demonstrated in
2013,7 and has since been studied by di®erent
groups all over the world in various pre-clinical
applications.8–11 XACT has been tested using a

Fig. 1. (a) Schematic of the main processes which contribute to XA signals. M, L and K represent the electron shells around
an atom's nucleus. (b) Schematic of the 3D acoustic ¯eld generated by ultrashort-pulsed X-rays. (c) Schematic diagram of
3D XACT. (Fig. 1 of Ref. 12).
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variety of materials including water, lead, bone, etc.
in both imaging and dosimetry applications. Single
ultrasound transducers with low center frequencies
have been used for X-ray-induced acoustic signal
collection in XACT imaging investigations. A typ-
ical XACT imaging system with a single ultrasound
transducer requires mechanical scanning for acqui-
sition of a two-dimensional (2D) image, leading to
hours of scanning and requiring multiple X-ray
pulses.7,8,12 Recently, a new XACT imaging system
that o®ers rapid and high resolution 2D images has
been developed and tested (Fig. 2).13 In this new
system, a sample is irradiated by a nanosecond-
pulsed X-ray source, giving o® acoustic waves in all
directions. Instead of using a single transducer de-
tector, a ring array of piezoelectric ultrasound
transducers detects the acoustic waves, and con-
verts them to electrical signals. The resulting signals
are then processed using a back-projection algo-
rithm, yielding a reconstructed image. It should be
noted that as this current system uses a ring-array
of transducers, only a single 2D slice of the sample
can be obtained. When a spherical or cup-shaped

array is used, 3D imaging would be possible. How-
ever, due to equipment limitations, only 2D slices
have been obtained.

A couple of experiments using XACT imaging
systems are highlighted here. About 150�m thick
gold ¯ducial markers were tested and were shown to
be in good agreement with the corresponding CT
image. This was done using a single transducer
which was mechanically scanned around the sam-
ple. Spatial resolution was determined to be
350�m.12 More recently, using a ring array of
higher center-frequency transducers, lead sheets
with thickness of 150�m were shaped into the OU
logo and then imaged with the fast XACT imaging
system. This experiment resulted in a spatial reso-
lution of 138�m.13

A few challenges presented with these experi-
ments were primarily due to equipment limitations.
Both of these images required a large number of
X-ray pulses to obtain a decent signal-to-noise ratio
(SNR). This large number of pulses can be reduced
by two methods, both of which, at the time of
writing, are being investigated. The ¯rst is to

Fig. 2. (a) Schematic diagram of XACT imaging system. A scintillator/photodiode combination is activated by the X-rays and is
used to tell the data receiver when to start collecting signals from the ultrasound transducer array (Fig. 1 of Ref. 13). (b) Gold
¯ducial marker XACT image (Fig. 3 of Ref. 12). (c) Lead OU logo XACT image (Fig. 3 of Ref. 13).
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increase the ampli¯cation of each transducer in the
ring array, as they are currently ampli¯ed at only
52 dB. An ampli¯er with enough channels to match
each transducer element on the ring-array is nec-
essary to do this. Second, the °uence of the X-ray
tube can be increased. The X-ray source has a large,
unfocused ¯eld-of-view, which provides smaller
amplitude of the acoustic waves than those pro-
duced by focused X-rays.13

Considering the use of XACT imaging in breast
imaging, minimal X-ray exposure can generate a 3D
acoustic image of the breast, which dramatically
reduces the radiation dose of patients when com-
pared to conventional breast CT.12 Simulation
studies have shown that XACT can image micro-
calci¯cations within breast tissue with doses as low
as 0.4mGy, 24 times smaller than that of dedicated
breast CT.14 Bone mineral density mapping is also
possible with XACT.13

XACT imaging also has been proposed to be
used for a variety of radiation dosimetry applica-
tions during radiation therapy (Fig. 3).7,15 XACT
has numerous advantageous characteristics that
make it a promising technique for water tank
dosimetry applications. First, there is a linear

relationship between deposited dose and induced
pressure in a homogeneous medium. Additionally,
XACT is dependent on the dose deposited per
pulse, meaning it can be considered energy and dose
rate independent.8 Also, XACT does not perturb
the radiation beam provided the transducers are
placed outside the beam path. These features of
XACT simplify calibration and eliminate the need
for many of the corrective factors required by other
dosimetry techniques. After the initial demonstra-
tion of XACT,7 various groups have worked on
applying XACT to radiotherapy dosimetry appli-
cations in two main areas: relative water tank do-
simetry and in vivo dosimetry. These studies
demonstrated the feasibility of using XACT as a
dosimetry technique in a clinical radiotherapy
environment.

The use of XACT in either diagnostic imaging or
dosimetry is dependent on the accessibility of short-
duration pulsed X-ray sources,13 which are not
widely available in clinical applications. To be
considered for widespread use, a cost-e®ective
method to provide easy access to such sources is
necessary. Special training will also be required to
work the equipment and interpret resulting images.

Fig. 3. (a) Schematic diagram of XACT imaging system using a linear accelerator (Fig. 2 of Ref. 7). (b) Linac irradiated ¯eld
dimensions. (c) Resulting XACT image produced by irradiated ¯eld in (b) (Fig. 11 of Ref. 8).
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If these are addressed, XACT has much potential to
transform modern clinical care.

3. Nanoscale Photoacoustic
Tomography (nPAT)

In the late 19th century, it was found that optical
microscopes could not achieve resolution past 250
nm. This limit has long prevented researchers from
imaging on the nanometer level until recently, when
many new super-resolution techniques have
emerged.16 One of the most recent techniques,
°uorescent super-resolution microscopy, won the
2014 Nobel Prize in Chemistry by breaking the
di®raction limit and allowing for observation of
many biological structures indeterminable by con-
ventional °uorescence microscopy.17–19 This and
other prominent techniques unfortunately require
external labeling with photoswitchable °uor-
ophores, which can require extensive preparation
and are often di±cult to use.20,21 They can also
perturb the observed structure itself.22 Label-free
super-resolution imaging, thus, would provide im-
mense advances in the super-resolution ¯elds.

Here, we are developing a novel super-resolution
microscopy method to explore subcellular structures
without relying on °orescence tagging via the pho-
toacoustic e®ect. In the photoacoustic phenomenon,
light is absorbed by molecules and converted to
heat. The subsequent thermoelastic expansion
generates an acoustic wave, which is detected by
acoustic detectors to form images.23–29 In nanoscale
photoacoustic tomography (nPAT), an ultra-short
(<ps) pulsed laser is used for the generation of GHz
ultrasound waves.30 The ultrahigh frequency
acoustic waves are detected by a pump-probe
technique to achieve nanoscale tomographic imag-
ing, whereby the contrast is dependent on di®ering
optical absorptions between tissue for particular
wavelengths31,32; the high resolution, however, does
come at a cost to imaging depth, which is relatively
low. One example of applying nPAT imaging is to
monitor malarial parasite invasion of human ery-
throcytes in real time at the nanometer scale to
understand malaria disease progression (Fig. 4).33

The advances of the nPAT imaging technique not
only will bene¯t the biomedical imaging sciences,
but also provide fundamental understanding of

Fig. 4. (a) nPAT System setup. Pump-probe technique is used to provide ultra-high frequency detection. (b) Spatial distribution
of temperature rise on a single regular biconcave red blood cell (Fig. 6 of Ref. 32). (c) 3D nPAT imaging reconstruction of malarial
parasite invasion (in blue) of human erythrocytes (in red), where the biconcave shape is no longer present.
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biological processes (hemoglobin in red blood cells,
cytochromes in mitochondria, and DNA/RNA
within the cell nucleus) and medicine.

4. Summary

We believe that XACT and nPAT will ¯nd broad
applications in both basic research and clinical care.
The aforementioned predictions represent the
authors' biased opinions of the most promising
prospects of XACT in both diagnostic imaging for
either quantitative bone density mapping or breast
cancer, and in vivo radiation dosimetry during ra-
diation therapy. nPAT also, as a label-free imaging
technique, has much potential to revolutionize the
super-resolution imaging ¯elds, providing new ways
to monitor diseases and understand biological pro-
cesses. Undoubtedly, many more applications for
either of these techniques will be identi¯ed. We look
forward to seeing the impact of TRUE technology
on biomedicine.
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