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Abstract. A method is presented for imaging emissions from active microbubbles using an ultra-
sound array. Since bubble activity plays a role in ultrasound ablation, monitoring cavitation may
assist in therapy guidance. This is often achieved by listening passively for bubble emissions with
a single-element transducer. Such schemes do not capture the variation in cavitation in form of a
two dimensional (2D) map or image. The technique presented here obtains spatial information by
creating images solely from the beamformed cavitational-emission energy received by an array,
dynamically focused at multiple depths. An analytic expression was derived for these passive im-
ages by numerically solving the Rayleigh-Sommerfield integral under the Fresnel approximation.
To test accuracy in mapping of localized emissions, a 192-element array was employed to passively
image scattering of 520-kHz ultrasound by a 1-mm steel wire. The wire position was estimated
from the passive images with rms error 0.9 mm in azimuth and 17.2 mm in range. Bubbles created
in air-saturated saline sonicated at 520-kHz were imaged passively from both ultraharmonic and
broadband emissions. Good agreement was found between azimuthal brightness distributions of the
passive images and B-scan images of the bubble cloud. Broadband emission images from ex vivo
bovine liver sonicated with 2.2-MHz focused ultrasound were also recorded. The image brightness
along the array azimuth was consistent with the source beam profile. This indicates the possibility
of mapping therapeutic ultrasound beams in situ.
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INTRODUCTION

A method to spatially resolve acoustic emissions from active bubbles using ultrasound
arrays is presented. Acoustic cavitation is known to play an important role in ultrasound-
based therapies including shock-wave lithotripsy [1], thrombolysis [2], targeted drug
delivery [3], and thermal ablation [4]. During ultrasound ablation, cavitation results in
enhanced tissue heating [5], but also complicates energy deposition and distorts ablative
lesion shapes [6]. Monitoring of ablation by measuring bubble activity, typically with
single-element transducers [7], could be improved if spatial variation in cavitation was
captured. Ultrasound arrays have been employed with some success in imaging bubbles
during high-intensity focused ultrasound (HIFU) exposures in B-mode imaging [8] and
as passive cavitation detectors [9]. In this paper, a method for passive cavitation imaging
using ultrasound arrays is introduced, analyzed, and illustrated by example simulations
and experiments.
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FIGURE 1. Experimental setup: CW ultrasound sources sonicate a 1 mm steel wire, PBS
solution, and bovine liver, while a 192-element linear array captures passive images.
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THEORY

In the passive cavitation imaging method presented here, acoustic emissions from cavi-
tating bubbles are detected by a linear ultrasound array. These passively received signals
are then beamformed in real time by delay-and-sum methods common to clinical B-
scan imaging systems. To model this imaging method, a bubble is represented as a point
source at position rg. The frequency-domain signal received by an array subaperture is
modeled as an integral of the point-source field over the receiver surface Sy,
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The brightness of a passive cavitation image at the coordinate (¥,Z) is then given
by the beamformed acoustic emission energy received by a subaperture focused at that
point. For an array subaperture modeled as a continuous receiver with a fixed focus in
the elevation (x) direction and a width 2/ in the array (y) direction, the beamformed
emission for a single source is given under the Fresnel approximation [10] as
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where (xs,ys,2s) is the bubble position, k is the wavenumber @/c, F is the complex
Fresnel integral, and terms not dependent on the image coordinate (¥,Z) have been in-
corporated into the function f(xs,zs). The final point-spread function (passive cavitation

image for a single point source) is then given by the total beamformed emission energy
for all frequencies of interest,

1(v,2) =} lq(e) S(@:,Y.Z)P, (3)

S(w,Y,Z) =

where ¢ (@) is the source strength at each frequency ;. Alternatively, passive cavitation
images can be simulated by computing the emission signal received by each element
using the Fresnel approximation, and synthetically focusing the received signals by
standard delay and sum methods.

EXPERIMENTS

Passive cavitation imaging was tested here in a series of in vitro experiments. A glass
tank was filled with deionized, degassed (%0, < 35), filtered (particle size < 0.2 um)
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water. Passive images were obtained using a 192-element linear array with a 7.5 MHz
center frequency and a total aperture size of 42x7 mm? (L7 array and Iris imaging
system, Guided Therapy Systems). For an image frame, 192 beamformed RF emission
signals, each obtained by real-time focusing at 16 equally-spaced depths, were sampled
at 33.3 MHz by a 14-bit, PC-based A/D card (Compuscope CS 14200, Gage Applied).
For each exposure, 38 sequential frames were acquired at 28 fps and stored. To form
passive cavitation images, power spectra were computed for each receive focal zone and
filtered to create separate images for distinct frequency bands, including ultraharmonic
emissions due to stable cavitation and broadband emissions due to inertial cavitation
[11]. The filtered energy was summed in each focal zone over all 38 frames to obtain a
single passive image with 192 x 16 points.

Passive imaging performance was first evaluated using ultrasound scattered from
a 1 mm steel wire. Continuous-wave sonication was performed by a 520 kHz, 1”
diameter source (Panametrics C302) with peak-negative pressure amplitude 0.123 MPa
(0.241 MPa peak-to-peak). The wire was placed orthogonal to the image plane to
approximate a point source. Scattering of the source (520 kHz) harmonics between
5.2-9.36 MHz (covering the bandwidth of the L7 array) was passively imaged using
subapertures designed to maintain a constant f-number (subaperture width divided by
focal depth) of 7.1. The passive image is consistent with the corresponding simulated
image of a point source, for both the “idealized” subaperture and time-delay focusing
formulations (Figure 2). To assess spatial resolution of the passive images, the wire was
moved to 21 distinct positions distributed throughout the image plane. To estimate the
target position, energy of each beamformed signal was integrated over all depths, and
the target azimuth was estimated as the position of peak integrated energy (rms error
0.9 mm). The target range was estimated as the position of peak signal amplitude at this
azimuth (rms error 17.2 mm).
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FIGURE 2. Simulated and experimental passive images of a point source at position
(0 mm, 55 mm), obtained using a constant f-number and shown with 40 dB dynamic range.
Left: simulated image for idealized aperture. Center: simulated image for linear array with time-
delay focusing. Right: measured image of scattering from 1-mm wire.

In order to test the spatial correlation of passive cavitation images with confirmed
bubble activity, cavitation was created by sonicating phosphate-buffered saline (PBS)
solution in a 30-mm latex condom with 520-kHz, CW ultrasound (Panametrics C302).
No bubbles were evident by B-scan imaging until the peak-negative sonication pressure
exceeded 0.125 MPa (0.245 MPa peak-to-peak pressure), after which echogenic bubbles
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would accumulate on the distal wall of the condom. Passive images were formed, using
a constant 64-element subaperture size, from ultraharmonic and broadband frequency
components (Figure 3). The azimuthal position of the bubble cluster is seen to corre-
spond with the region of greatest bubble activity. For quantitative comparisons, a region
of interest (ROI) containing the bubble cluster on the B-scan was selected, spanning
15 mm in depth and the entire image in the array direction. The depth-integrated sig-
nal energy within this ROI was computed for both the B-scan and broadband-emission
images. The spatial correlation between these two 192-point energy distributions was
> 0.85 for each of 10 trials. It should be noted that the B-scan did not show a visible
change in the size and position of the bubble cloud during the image acquisition.

Range (mm)
Range (mm)
Range (mm)

-20 -10 0 10 20 -20 -10 0 10 20 -20 -10 0 10 20
Azimuth (mm) Azimuth (mm) Azimuth (mm)

FIGURE 3. Passive cavitation imaging in saline solution for sonication at 520-kHz with
0.137 MPa peak negative pressure (0.31 MPa peak-to-peak). Left: B-scan showing a cavitat-
ing bubble cloud. Center: co-registered passive cavitation image formed from ultraharmonic
emissions (6.5 MHz, or 12.5 times the fundamental frequency). Right: co-registered passive
cavitation image formed from broadband emissions (6.3-6.7 MHz).

1
—0.8 MPa
1.3 MPa
.gH—— Beam profile
qi
0.5 15 2

-20 -10 0 10 20 1 . 20 10 [) 10 20
Azimuth (mm) Ppicpk (MP2) Azimuth (mm)

- N N
[ =] a
o [=]
) @

-
o

[=]

S

3
E
[}
=]
<
<
o

Emission energy (dB)
Relative amplitude

5]
o
N

o

FIGURE 4. Passive cavitation imaging using broadband emissions from bovine liver tissue
sonicated at 2.2 MHz. Left: passive image at 0.8 MPa peak-to-peak pressure (0.38 MPa peak
negative pressure). Center: spatially-integrated emission energy as a function of sonication
amplitude (mean + standard deviation, N = 4). Right: representative comparison of emission
amplitude at 20 mm depth with measured beam profile.

Finally, ex vivo bovine liver was exposed to a 2.2-MHz, 4 x 15 mm? focused source
(UTX 1X327), aligned with the propagation direction orthogonal to the image plane. The
source focus was aligned to the image plane on the array axis at a depth of 20 mm using
a pulse-echo technique. The sonication amplitude was increased from 0—1.96 MPa peak-
to-peak pressure, corresponding to 0-0.58 MPa peak-negative pressure, and passive
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images were captured with a constant 64-element subaperture for 4 tissue samples of
size 7 x 3 x 3 cm? (Flgure 4). While emissions detected by the linear array did not show a
significant signal at ultraharmonics of the source frequency, the broadband energy (8—10
MHz) increased monotonically with the sonication amplitude. The azimuthal position of
the source focus could be visually identified from the broadband emission images. The
passive image brightness pattern at the source focus depth was consistent with the beam
profile along the array azimuth, as measured by a scanning hydrophone system. The
passive image brightness pattern is seen to broaden with sonication amplitude, possibly
because of cavitation activity within sidelobes in the transducer beam pattern.

CONCLUSIONS

A method for passive cavitation imaging using linear ultrasound arrays has been intro-
duced and its analytic point-spread-function has been derived. Experiments substantiate
that passively detected acoustic emissions can be spatially resolved into separate images
for different frequency ranges. Acoustic emission sources can be localized more accu-
rately in the array direction than in the range direction. In experiments with tissue, the
broadband energy distribution along the azimuth corresponded with the beam shape of
the focused source. Passive cavitation imaging could potentially enable direct visualiza-
tion of therapeutic ultrasound beams in sifu.
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