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X-ray acoustic computed tomography with pulsed x-ray beam
from a medical linear accelerator
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Purpose: The feasibility of medical imaging using a medical linear accelerator to generate acoustic
waves is investigated. This modality, x-ray acoustic computed tomography (XACT), has the potential
to enable deeper tissue penetration in tissue than photoacoustic tomography via laser excitation.
Methods: Short pulsed (us-range) 10 MV x-ray beams with dose-rate of approximately 30 Gy/min
were generated from a medical linear accelerator. The acoustic signals were collected with an ultra-
sound transducer (500 KHz central frequency) positioned around an object. The transducer, driven
by a computer-controlled step motor to scan around the object, detected the resulting acoustic signals
in the imaging plane at each scanning position. A pulse preamplifier, with a bandwidth of 20 KHz-2
MHz at —3 dB, and switchable gains of 40 and 60 dB, received the signals from the transducer and
delivered the amplified signals to a secondary amplifier. The secondary amplifier had bandwidth of
20 KHz-30 MHz at —3 dB, and a gain range of 10-60 dB. Signals were recorded and averaged
128 times by an oscilloscope. A sampling rate of 100 MHz was used to record 2500 data points at
each view angle. One set of data incorporated 200 positions as the receiver moved 360°. The x-ray
generated acoustic image was then reconstructed with the filtered back projection algorithm.
Results: The x-ray generated acoustic signals were detected from a lead rod embedded in a chicken
breast tissue. The authors found that the acoustic signal was proportional to the x-ray dose deposition,
with a correlation of 0.998. The two-dimensional XACT images of the lead rod embedded in chicken
breast tissue were found to be in good agreement with the shape of the object.

Conclusions: The first x-ray acoustic computed tomography image is presented. The new modality
may be useful for a number of applications, such as providing the location of a fiducial, or monitor-
ing x-ray dose distribution during radiation therapy. Although much work is needed to improve the
image quality of XACT and to explore its performance in other irradiation energies, the benefits of
this modality, as highlighted in this work, encourage further study. © 2013 American Association of
Physicists in Medicine. [http://dx.doi.org/10.1118/1.4771935]
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Il. INTRODUCTION

Laser-based photoacoustic tomography (PAT) has become
a subject of intense research because of its potential for
numerous applications in clinical medicine and preclinical
research.'” PAT can create multiscale multicontrast images
of living biological structures ranging from organelles to or-
gans. This emerging technology overcomes the high degree
of scattering of optical photons in biological tissue by uti-
lizing the photoacoustic effect.!®!> So far, the photoacous-
tic response to optical radiation with visible and near-infrared
wavelength has been studied. Little attention is paid to the
photoacoustic mechanisms in the x-ray region as it is believed
that the peak power density of conventional x-ray source
is generally insufficient to induce detectable ultrasound sig-
nal. However, early studies found that ultrasound could be
produced from a polychromatic synchrotron-generated x-ray
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source, which had sufficient power density (7 wJ/mrad).'>!#

X-ray scatter in tissue is much lower than that of optical
photons, thus the advantage of an x-ray irradiation source
is the deeper penetration as compared to laser excitation,
which would increase the number of suitable clinical appli-
cations. X-ray acoustic computer tomography (XACT) might
also provide dosimetric information during radiation therapy
because the acoustic amplitude is proportional to the x-ray
absorption.

In this letter, we report the first theoretical and experimen-
tal study of XACT by combining x-ray excitation and ultra-
sound detection. Both a reconstruction technique for XACT
and two-dimensional XACT images of a metal object are pre-
sented. We investigate the relationship between the acoustic
signal output and the x-ray dose and possible mechanisms in-
volved in generating acoustic signals from x-rays.

© 2013 Am. Assoc. Phys. Med.  010701-1
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FIG. 1. Illustration of x-ray acoustic tomography. (a) Schematic of x-ray acoustic signal generation and detection. (b) Time diagram of pulsed x-ray beams
from a medical linear accelerator. (c) Schematic of x-ray acoustic computer tomography system.

Il. MATERIALS AND METHODS
IlLA. Theory

The basic schematic of XACT is illustrated in Fig. 1(a). To
induce the x-ray acoustic effect, x-rays are absorbed by the
excitation of inner-shell electrons and induce photoelec-
trons.'> The excited atom decays either by electromagnetic
radiation, which may be reabsorbed, or by an Auger process.
Auger electrons and photoelectrons transfer part of their ki-
netic energy to the surrounding medium by the production of
cascades of secondary electrons. After many collisions these
electrons are close to thermal equilibrium. The transfer of en-
ergy from the system of thermalized excited electrons to the
system of atoms in the solid is governed by the electron—
phonon interaction, which increases the temperature of the
lattice. The rise in temperature of the absorber generates the
pressure waves, p, which are detected as an x-ray acoustic sig-
nal. The x-ray acoustic pressure produced by the x-ray heat
source H(r; 1) obeys the following equation:'®
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where g is the isobaric volume expansion coefficient, v;is the
speed of sound, and C,, is the specific heat. For convenience,
we choose the transducer position as the origin of the coordi-
nates, so the pressure, p, at transducer position, 7 and time, ,
can be expressed as
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where r = |r|. H(x, ) can be expressed as H(z, 1) = A(r)l (1),
where A(r) is the x-ray spatial absorption distribution and 7 (¢)
is the temporal x-ray illumination function.
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In practice, because of the finite bandwidth of an ultra-
sound transducer, recorded acoustic signals p,(f) are the con-
volutions of induced x-ray acoustic pressures p(f) and the im-
pulse response A(?) of the transducer, which can be expressed
as pa(r) = p(t)*h(1).

The x-ray absorption A(r) within the sample at a given po-
sition r is!’

# Aryds = TEPM ey (—P“’ Lid (w)> * o3

K pr Po(w) ro
where k is a parameter depending on the absorption prop-
erty of the point source and the parameters of the irradiating
x-rays and Py(w)is the Fourier transforms of P,(f), and W(w)
is a window function used to band-limit the signals. By using
a back-projection algorithm, the pressure at each time point
is projected (assigned) to each point on the sphere. The in-
tegration of the object value yields the pressure, as shown in
Fig. 4(b).

II.B. Imaging system

The schematic of the experimental setup is shown in
Fig. 1(c). A clinical linear accelerator (Linac), (TrueBeam,
Varian Medical Systems, Palo Alto, CA) was used to provide
10 MV x-ray pulses. A typical pulse sequence is 30 ps/pulse;
~15 000 pulses are grouped in a packet of pulses for total time
of ~5 us as shown in Fig.1(b). For radiation therapy, a typical
dose to the patient is ~2 Gy/fraction and ~30-38 fractions in
total. In our experiment, the x-ray dose-rate is approximately
30 Gy/min. The size of the x-ray beam is 50 mm x 20 mm at
the isocenter in the plane perpendicular to the beam in the
experiments. The x-ray acoustic signal generated by the
x-ray pulses was captured by unfocused ultrasound transducer
(V301-SU, Olympus-NDT, Waltham, MA, USA) which has
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FIG. 2. X-ray acoustic signal measurement. (a) Impulse response /(#) of the transducer; (b) FFT spectrum of /(7); and (c) the x-ray acoustic signal from the
object at a distance of 40.5 mm.
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a central frequency of 500 kHz and a diameter of 25.4 mm.
The transducer, driven by a computer-controlled step motor to
scan around the sample, detected the x-ray acoustic signals in
the imaging plane at each scanning position. A pulse pream-
plifier (5660B, Olympus-NDT, Waltham, MA, USA), which
has bandwidth of 20 KHz—2 MHz at —3 dB, and switchable
gains of 40 and 60 dB received the signals from the transducer
and delivered the amplified signals to a secondary amplifier
(PREAMP2-A, Ultratek Inc, Concord, CA, USA). The sec-
ondary amplifier has bandwidth of 20 KHz-30 MHz at —3 dB
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and gain range of 10—60 dB. Signals were recorded and aver- - % Timﬁ"(ps) " w
aged 128 times by oscilloscope (Tektronix TDS 1002C-EDU, (@)
Richarson, Texas, USA). A sampling rate of 100 MHz was -
used to record 2500 data points at each view angle. All con- '
trol codes were written using LabVIEW graphic programming g &
language (National Instruments, TX, USA). One set of data % 0.6 -
incorporated 200 positions as the receiver moved 360°. The 5 5.
XACT image was then reconstructed with the filtered back _c__m: aii )
projection algorithm.'’~!° 3 s
g "
5 0.2
lll. RESULTS & 4]
In the first experiment, we investigated x-ray acoustic sig- " 40 15 20 25 30
nal generation with a commercial ultrasound transducer with Dose (Gy/min)
a central frequency of 500 kHz. A lead rod with a square cross (b)
section of 4 mm x 4 mm was irradiated to generate the x- FIG. 3. X-ray acoustic output vs x-ray dose. (a) X-ray-induced ultrasound
ray acoustic signals. Figure 2(a) shows the temporal profile of signal with different x-ray photon dose and (b) x-ray acoustic output vs dose
the transducer impulse response A(f) of the transducer used in increased.
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FIG. 4. Two-dimensional computer tomography of a metal object in a biological tissue. (a) Photograph of the sample composed of a piece of lead rod imbedded
in chicken breast tissue. (b) Illustration of x-ray acoustic imaging reconstruction. The ultrasonic transducer at position D records the x-ray acoustic signals on
a spherical surface with radius V7. (c) Reconstructed XACT images of the sample in 360°. (d)—(f) Images reconstructed from the data corresponding to the
phantom in Fig. 4(a) with different detection angles 180°, 135°, and 90°, respectively.

this study. The fast Fourier transform (FFT) was performed
on A(f) and the spectrum data A(f) is shown in Fig. 2(b). The
long dimension of the rod was perpendicular to the ultrasound
transducer. A major peak is readily observed in the signals
[Fig. 2(c)]. The major peak width was about 2.6 us, which
is equivalent to the acoustic time delay between the front and
rear boundary of the lead rod. When we translated the lead
rod, the peak moved accordingly. Thus, the acoustic signal
that was measured was produced by the x-ray absorption of
the metal object.

To determine the relationship between ultrasound output
and x-ray dose deposition, serial x-ray acoustic signals were
recorded in Fig. 3(a) with varying x-ray dose. The target was
placed at the same target-transducer distance. The tube volt-
age of the x-ray system was set to 10 MV. The dose was lin-
early increased 10-30 Gy/min with a constant Linac energy.
X-ray acoustic signals were acquired with the same trans-
ducer; the signal was digitized and averaged 128 times with
an oscilloscope. The resulting peak-to-peak amplitude, plot-
ted as a function of x-ray dose is given in Fig. 3(b). Figure 3(b)
shows significant linearity correlation coefficient of 0.998,
p < 0.001. This result indicates the x-ray acoustic signal am-
plitude is linear with x-ray dose deposition.

Figure 4 shows the two dimensional XACT images
[Figs. 4(c)-4(f)] and the photo of a lead rod imbedded of
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chicken breast tissue [Fig. 4(a)]. The center of the image is
the origin of the circular scanning orbit of the transducer. The
reconstructed image represents the x-ray absorption deposi-
tion distribution. Therefore we compare only the size and
shape of the rod in the XACT image in Fig. 4(c) and the
corresponding photo Fig. 4(a). We found that the recovered
size of the rod diameter was about 3.9 mm, in good agree-
ment with the actual object size of 4 mm. Figures 4(c)—4(f)
display the reconstructed image with different limited-
view scanning. When the scanning angle is relatively wide
0 > 135°, the filtered back-projection method provides a
relatively high contrast image. Both the position and the
shape of the sources can be clearly identified from the image
[Figs. 4(c)—4(e)]. However, when the scanning angle 6 < 90°,
the reconstructed image is blurred. This limited view recon-
struction thus causes artifacts and interface blurring.?’ The re-
constructed XACT image agrees well with the cross section
of the original phantom in terms of size and relative location
of the target boundary which demonstrates the potential for in
vivo imaging.

IV. DISCUSSION AND CONCLUSION

We have developed the XACT technique based on the de-
tection of acoustic signals generated by the pulsed x-ray beam
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from a linear accelerator. We presented the results of our the-
oretical and experimental investigations on the new imaging
modality. The x-ray acoustic signals from a lead rod embed-
ded in chicken breast tissue were clearly detected by the sys-
tem and the results were in good agreement with the known
shape of the object, which demonstrates the feasibility of the
proposed approach. The conversion from x-ray to ultrasonic
energy is an interesting observation in physics and presents
a new uncharted area for research and applications. Funda-
mentally, x-ray acoustic signal arises from the differential ab-
sorption and scattering of x-ray photons. Theoretically, 30 Gy
delivered from x-ray radiation induces an estimated <10 mK
temperature rise in the absorber;?! this temperature rise is on
the same order (20 mK) as that of a photoacoustic laser pulse
of energy density of ~10 mJ/cm?. Similar to x-ray lumines-
cence computed tomography (XLCT),?>?? XACT is inher-
ently a dual modality imaging technique capable of providing
acoustic imaging information in addition to the transmission
x-ray image. A selective excitation scheme as implemented
in XLCT to image samples containing unknown distributions
of x-ray absorbing material(s). Compared to the laser-based
excitation, an important advantage is that the penetration of
x-ray photons is much deeper and with little scattering. Thus
XACT extends the laser-based photoacoustic imaging depth
limit. XACT may also provide a means for dosmiteric mea-
surement or even in vivo dosimetry monitoring during radi-
ation therapy because the x-ray acoustic amplitude is pro-
portional to the x-ray absorption. Improved instrumentation
for higher resolution would use a broad bandwidth ultrasound
transducer and ultrashort x-ray pulses that have the ability of
generating high-peak-power. This should lead to substantial
enhancement in x-ray acoustic conversion efficiency and im-
provement of spatial resolution.'? Real-time mapping of ther-
apeutic x-ray doses during radiation therapy may be on the
horizon.?!
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