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Abstract—Focused ultrasound (FUS) therapy requires
reliable and effective monitoring tools to understand the
underlying physical mechanism, controlling the treatment
process, and assessing the treatment effects. Passive acoustic
mapping (PAM), extended from passive cavitation detection
(PCD), can provide noninvasive real-time quantitative imaging
associated with treatment effects, and has been widely used in
more and more applications of ultrasound therapy. Most PAM
applications are based on common one-dimensional arrays that
are used for ultrasound diagnosis, assisting with the simplest time
exposure acoustics algorithm. However, due to the limited
frequency-dependent diffraction mode of these arrays, this
algorithm results in a large point spread function (PSF). To
address this challenge, in the present study, we proposed a phase-
coded pulse sequence for FUS exposure to improve the PAM
performance. In the experiments, K sinusoidal signals with
equidistant phases were used to driven the FUS transducer, and
a PCD transducer and a linear array were utilized to receive the
acoustic emissions. The PCD signals of different phases were
summed in time domain and then the spectrum analyses were
performed, and the passive array signals were processed by a
modified passive beamforming algorithm. Ex vivo experimental
results illustrated that in PCD spectrum, the K-order and its
integer harmonics were enhanced while the other harmonics
were suppressed. The PAM results suggested that compared with
single phase and pulse inversion, the PSF size was reduced by
using 4-phase coding. This work may be beneficial to the
accurate control of ultrasound treatment, particularly cavitation-
mediated applications.
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I. INTRODUCTION

Over the past few years, focused ultrasound (FUS) has been
proved to be effective in tumour thermal ablation, thrombolysis,
and blood-brain barrier (BBB) opening [1-4]. Ultrasound
therapy requires a reliable monitoring means to avoid the side
effects on normal tissues. Magnetic resonance imaging can be
applied in some therapy applications that are thermal in nature
by detecting tissue temperature changes during the treatment
process [5], but it is less efficient for some promising non-
thermal cavitation-mediated applications (e.g., BBB opening).
A commonly used ultrasound monitoring means in the past is
passive cavitation detection (PCD) [6], which passively senses
the acoustic emissions from cavitating bubbles with a single-
element focused or unfocused transducer and then
quantitatively analyse these signals to achieve the treatment
evaluation. This technique has been employed to control the
transcranial therapy in a close-loop manner [7]. The main
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deficiency of PCD is the lack of spatial information of
cavitation activity.

To compensate for the shortcoming of PCD, a multi-
element array transducer can be applied for signal receiving
during FUS exposure and then these signals are beamformed to
obtained the spatial distribution of cavitation. This is the so-
called PAM technique [8], which has played a key role in
many ultrasound therapy applications since its birth. The most
common PAM implementation is based on a delay-sum-
integrate algorithm, e.g., time exposure acoustics [9], which
yields a poor resolution when employing some narrow-aperture
arrays that are used for ultrasound diagnosis. The reason
behind this is that the size of the point spread function (PSF) of
PAM is determined by the diffraction mode [10,11], in other
words, it depends on the length of the transducer and the
frequency of the signal of interest (or the receive bandwidth of
the transducer).

Reducing PSF size by increasing the aperture of the
diagnostic transducer may be very limited, because the aperture
size can not be too large due to the diagnostic needs of the
special parts of human body. However, we can consider how to
increase the frequency to reduce the PSF size. The simplest
way is to use a high-frequency transducer, but which is not
suitable for clinical use because of limited imaging depth.
Recently, pulse inversion technique, which has been used in
ultrasound contrast imaging [12], was innovatively introduced
in PAM to improve the detection sensitivity of transcranial
cavitation [13]. By emitting two FUS pulses with inverse
phases 0 and =, the nonlinear cavitation components were
extracted while the linear components from skull or tissues
were suppressed, therefore increasing the contrast-to-tissue
ratio. On this basis, in this paper we proposed an improved
FUS pulse design with the introduction of the phase-coded
multi-pulse sequence, which has been proved to provide
improved resolution and contrast for ultrasound tissue
harmonic imaging [14,15]. What we demonstrate in this paper
is that with the phase-coded multi-pulse sequence, high-
frequency components in passive acoustic signals can be
selectively enhanced and the reduced PSF size of PAM image
can be obtained.

This paper is organized into four sections. Section II briefly
reviews the phase-coded multi-pulse technique and describes
the passive beamforming algorithm and the experimental
settings. Section III presents the passive detection and mapping
results of ex vivo experiments, accompanied our discussion.
Finally, we concludes this paper in Section IV.
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II. METHODS

A. Phase-coded Multi-pulse Technique

Assume that the FUS transducer is driven by K pulse
signals whose phases are evenly spaced. The kth phase is

2k
D=y +Ts (1)
where k=0,L...,K -1, ¢, is the first phase.

The kth emitted pulse at the surface of the FUS transducer
can be expressed as [14]

P (z=0,t)=P, sin(a)ﬂr(po +2—ij, )

where ¢ denotes time, F, is the peak negative pressure at
the transducer surface, and @ is the angular frequency.
At a specific distance z within the focal region, the pressure

waveform corresponding to the kth emitted pulse signal can be
written as [14]
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medium,  respectively,

corresponds to the nth harmonic with T’ () denoting the

Gamma function.

By summing K pressure waveforms in (3), the total
pressure waveform at the given distance z can be obtained as
follows [14]
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From (4), the nth harmonic component after summation can
be extracted, as the following equation [14]
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It can be seen from (5) that, when » is equal to K or its
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integer multiple, p, , (z,t)=KP 2 sin(nawt +ng,) .
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Otherwise, p, ,, (z,t) = 0. This means that the K-order and its
integer harmonics will be enhanced while the other harmonics
will be suppressed.

B. Modified Passive Beamforming Algorithm

Assume that the passive receiving array is an L-element
linear array. The first step in the beamforming algorithm is to
calculate the relative time delay [8]

r.(x):"x—xj”/c, (6)

J

where x and x; denote the spatial positions of the imaging

point and the jth ( j =1,2,...,L ) element, respectively.

The original signal received from the jth element under the
kth phase, pf (t) , is delayed according to the calculated delay

in (6) and compensated with a factor 7 —"x X, ” , as the

following equation [8]
57 (x1) =7, (x) (x)] (7)

Then, the delay-compensate signals, sf (x,t) , are summed

p;f [t-i—rj

on the element dimension to give the beamformed signal of the
kth phase

q* (x1) :Zsﬁ (x,1). (8)

The beamformed signals of K phases are further summed to
give the final beamformed signal

q(x,1)= q* (x,1). 9)

Finally, the square of the final beamformed output in (9) is
integrated over a time period to calculate the source energy at a
specific imaging point x

I(x)= ax I]T q(}i{,t)2 dt,

L pct
where 7, and 7, represent the start time and the end time

of signal acquisition.

(10)

According to (5), it is expected that the processing step in
(9) will increase the K-order and its integer harmonic
components. Therefore, the PSF size of PAM image will be
reduced because it is frequency-dependent.

C. Experimental Settings

The tissue samples used in the experiments were fresh ex
vivo porcine muscles, which were purchased from the local
supermarkets. As illustrated in Fig. 1(a), the experiments was
carried out in a tank with deionized water. In order to avoid the
possible ultrasonic reflection during the experiment, we placed
the sound absorbing materials on the tank wall. A 1.2 MHz
FUS transducer (Imasonic, Besancon, France) with a diameter
of 156 mm and a focal size of § mm x 1.2 mm was used to
induce acoustic cavitation activity inside the tissue samples.
The FUS transducer was designed with a circular hole in the
center to facilitate the use of a phased array or a single-element
transducer for treatment monitoring. A wave generator
(AWG420, Tektronix) emitted K sinusoidal pulse signals
(duration = 10 ps), as shown in Fig. 1(b), which were amplified
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Fig. 1. (a) Experimental system setups. (b) FUS pulses with K equidistant
phases (K =1, 2, 3, 4, 5, and 6). An example of 2 cycles is given for
clarity.

K=3

===
==

by a power amplifier (AG1017, T&C Power Conversion).
Then, the amplified signals were fed into the FUS transducer.
A single-element transducer with a bandwidth of 2.15-6.9
MHz (V309, Panametrics) was inserted into the center of the
FUS transducer and used as the PCD transducer to receive the
acoustic emissions under FUS pulses with different phases.
These signals were collected by a high-speed acquisition card
(5122, National Instruments) that had a 100-MHz bandwidth.
The acoustic signals were also received by an L14-5/38 linear
array that was mounted on an ultrasound imaging system
(SonixRP, Ultrasonix), and collected by a parallel acquisition
module (SonixDAQ, Ultrasonix) for further processing.

III. RESULTS AND DISCUSSIONS

A. Passive Cavitation Detection

Fig. 2(a) plots the PCD signal in time domain when the
FUS transducer is driven by 0-phase pulse (i.e., single phase)
and the sum of PCD signals obtained when the FUS transducer
is driven by two successive pulses with 0 phase and m phase
(i.e., pulse inversion). As seen, the summed signal is
significantly weaker than the signal of single phase. Fig. 2(b)
plots the frequency spectra corresponding to the time-domain
signals in Fig. 2(a). As seen, by using pulse inversion, the
fundamental frequency and the odd harmonics are reduced
while the even harmonics are retained, which is consistent with
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Fig. 2. (a) Time-domain PCD signals for FUS with 0-phase pulse (single
phase) (red line) and the sum of PCD signals obtained by FUS pulses with
0 phase and © phase (pulse inversion) (black line). (b) Frequency spectra
of time-domain PCD signals for FUS with single phase (red line) and
pulse inversion (black line).
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Fig. 3. Comparison of PCD frequency spectra between single phase (red
lines) and phase coding with different phase number K (black lines): (a) K
=3,(b)K=4,(c) K=5,and (d) K=6.

Pouliopoulos ef al. work [13]. The statistical results indicate
that compared with single phase, the 2nd harmonic (2.4 MHz),
the 4th harmonic (4.8 MHz), and the 6th harmonic (7.2 MHz)
are enhanced by 5.70 = 0.91 dB, 5.93 + 1.21 dB, and 5.31 £
1.54 dB, respectively.

The PCD signals obtained by FUS pulses with K
equidistant phases are summed and the summed signal is
analyzed in frequency domain. Fig. 3(a)—~(d) plot the frequency
spectra of phase coding with different phase number K (3, 4, 5,
and 6). For comparison, the frequency spectrum in the single-
phase case (0 phase) is also plotted in Fig. 3. It can be seen
from Fig. 3(a) that in the signal summed from PCD signals of
three equidistant phases, the 3rd harmonic (3.6 MHz) and the
6th harmonic (7.2 MHz) are enhanced, while other harmonics
are suppressed. The statistical results show that compared with
the case of single phase, the enhancements are 8.55 + 1.04 dB
and 7.75 = 1.51 dB for the 3rd and 6th harmonics, respectively.
Also, the 4th harmonic, the 5th harmonic (6.0 MHz), and the
6th harmonic are obviously enhanced in the cases of 4-phase
coding, 5-phase coding, and 6-phase coding, as shown in Figs.
3(b)-(d). Compared with the single-phase case, the
enhancements of the 4th to 6th harmonic components are 10.65
+2.27 dB, 12.54 + 0.54 dB, and 14.37 £+ 4.07 dB, respectively.
The above results indicate that by modulating the emitting
phase of FUS pulses, the desired harmonic components can
be selectively enhanced.

B. Passive Acoustic Mapping

The PAM images obtained by FUS with single phase (i.e.,
0 phase), pulse inversion and phase coding (K = 4) are
displayed in Fig. 4(a)—(c), respectively, with a logarithmic
scale. Fig. 4(a) is created by the conventional algorithm (i.e.,
time exposure acoustics), and Fig. 4(b) and (c) are created
using the modified passive beamforming algorithm illustrated
in Section II-B. The PSF size of the PAM image is quantified
by the Aso area [16]. From the result of single phase shown in
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Fig. 4. PAM images obtained by FUS with (a) single phase, (b) pulse
inversion, and (c) phase coding (K = 4). All PAM images are shown with a
20 dB dynamic range.

Fig. 4(a), it can be seen that there is a significant X-type tail
artifacts in the image, which yields a large PSF and seriously
degrades the image quality. The main reason is the diffraction
mode of the linear array is limited [11]. As shown in Fig. 4(b),
due to that the fundamental and odd harmonics have been
suppressed by pulse inversion, a better PAM image with a
smaller bright spot in the center is obtained. The PSF size is
decreased by 34.75% when compared with single phase.
Thanks to the enhanced 4th harmonic by 4-phase coding of
FUS pulses, the image quality is further improved [Fig. 4(c)].
The PSF size is further decreased by 40.65% on the basis of
pulse inversion. Although the PSF can be decreased, it is seen
from Fig. 4(c) that the phase-coded multi-pulse technique still
can not eliminate the non-symmetric X-artifacts. The
attribution to the non-symmetric artifacts may be the defects of
the receiving array and variable sound speed in the medium,
which may be resolved by some adaptive passive beamforming
algorithms [17,18].

Due to the strong attenuation of high-frequency ultrasound
signal by the skull occlusion, the resolution performance of
transcranial PAM is limited. It can be expected that the phase-
coded multi-pulse technique in this paper can be used to
improve the detectability of transcranial PAM. It should also
be noted that the phase-coded multi-pulse technique can not
only be used in two-dimensional PAM based on a linear array,
but also in three-dimensional PAM with an area array or a
hemispherical array.

IV. CONCLUSION

In the present study, the phase-coded multi-pulse technique
that has been used in ultrasound tissue harmonic imaging was
proposed for passive detection and mapping of acoustic
emissions during FUS exposure. The experimental results
showed that after summing the PCD signals obtained by FUS
pulses with K equidistant phases, the harmonics components
can be selectively enhanced. Also, using 4-phase coding can
reduce the Aso area of PAM image in comparison with both
single phase and pulse inversion, therefore a smaller PSF can
be obtained. Future work will combine this technique with the
adaptive beamforming algorithm to achieve better PAM
performance and validate it by in vivo experiments.
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