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Purpose: In histotripsy, a shock wave is transmitted, and the resulting inertial bubble cavitation
that disrupts tissue is used for treatment. Therefore, it is necessary to detect when cavitation
occurs and track the position of cavitation occurrence using a new passive cavitation (PC)
imaging method.

Methods: An integrated PC image, which is constructed by collecting the focused signals at all
times, does not provide information on when cavitation occurs and has poor spatial resolution.
To solve this problem, we constructed instantaneous PC images by applying delay and sum
beamforming at instantaneous time instants. By calculating instantaneous PC images at all
data acquisition times, the proposed method can detect cavitation when it occurs by using the
property that when signals from the cavitation are focused, their amplitude becomes large, and
it can obtain a high-resolution PC image by masking out side lobes in the vicinity of cavitation.
Results: Ultrasound image simulation confirmed that the proposed method has higher resolution
than conventional integrated PC imaging and showed that it can determine the position and
time of cavitation occurrence as well as the signal strength.

Conclusion: Since the proposed novel PC imaging method can detect each cavitation separately
when the incidence of cavitations is low, it can be used to monitor the treatment process of
shock wave therapy and histotripsy, in which cavitation is an important mechanism of treatment.
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Key points: Conventional integrated passive cavitation imaging constructs an image by obtaining
the focused signals at all times, but does not provide information on when cavitation occurs.
To solve this problem, we apply instantaneous passive cavitation imaging to passively received
radiofrequency data in the beamforming process, detect the position and time of each bubble
burst, and suppress side lobes. The proposed method can be readily integrated into a diagnostic
ultrasound scanner to monitor the treatment process of shock wave therapy and histotripsy
where cavitation is an important mechanism.
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Passive cavitation imaging with temporal resolution

Introduction

Short-pulse, high-amplitude ultrasonic therapy such as lithotripsy
or histotripsy is an effective noninvasive therapeutic approach
that relies on mechanical effects generated by collapsing bubbles.
Extracorporeal shock wave lithotripsy is an example of a noninvasive
technique used to treat urinary lithiasis; this method fragments
stones through cavitation-induced erosion caused by the violent
collapse of bubbles near the surface of the stone [1-4]. The
cavitation generated when a bubble collapses mechanically disrupts
soft tissue, and this effect is used to treat tumors in soft tissue. Using
focused ultrasound delivered from outside the body, histotripsy
produces tissue fractionation through cavitation, rendering the
target into acellular debris [5-10]. There is an increasing need for
improving the safety and efficacy of the treatment process, as well
as reducing side effects, by continuously monitoring microbubbles
and providing feedback [11-14].

In ultrasound imaging, microbubble monitoring can be divided
into active or passive acoustic monitoring. An active bubble image
is obtained in the same manner as a conventional ultrasound
B-mode imaging system [15,16]. An ultrasound wave for imaging
is transmitted, and echoes from bubbles are imaged due to the
difference in acoustic impedance between soft tissue and bubbles
[17]. Since the transmission of an ultrasound wave may affect the
activity of bubbles, a variety of transmitting sequences are applied
to avoid damaging the surrounding tissue by cavitation until the
bubbles arrive at the target for treatment [14].

Passive cavitation (PC) imaging maps the acoustic emissions from
the cavitation bubbles without separately transmitting ultrasound
waves for imaging [18-23]. In cavitation-cloud histotripsy or
extracorporeal shock wave lithotripsy, a transmitted shock wave
generates inertial cavitation in a medium after transmission [3,24-
26]. Accordingly, there is a need to image and both temporally and
spatially resolve cavitation bubbles over a long period with passively
received radiofrequency (RF) data.

In dynamic receive beamforming, a focusing time delay is applied
to the signals of all receive channels to maximize the amplitude
of a signal coming from an imaging point to be focused. If there
is a cavitation at the focused imaging point, it appears as a main
lobe in the ultrasound field pattern, so a large signal appears. If the
cavitation signal from outside the imaging point is not completely
removed during the focusing process, it appears as a side lobe at
the imaging point [27,28]. In general, the side lobe spreads widely
over the image area, thus reducing the image contrast. Since PC
imaging does not transmit an ultrasound wave, but only receives
acoustic emissions from cavitation, the cavitation occurrence time
is not available, and thus accurate receive focusing cannot be
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accomplished.

Therefore, conventional PC images are produced by integrating
the energy of cavitation generated over the entire time interval
during which cavitation occurs after only receive focusing is applied
to the passively received data. Therefore, those images have no
temporal resolution, and the contrast is poor due to side lobes
generated during the receive focusing process. In particular, when
a strong cavitation occurs, the side lobe signals that appear in the
receive focusing process mask the signal from a weak cavitation
with the result that the latter cannot be identified. Several research
groups achieved temporal resolution by integrating signals within a
short window, rather than over the entire time interval, and sliding
the window [14,29]. Since they used the integration processing itself
in receive focusing, the effect of side lobes could not be eliminated.
To suppress side lobes, the minimum variance beamforming method
has been widely used as a signal processing technique [30,31]. This
method features increased ultrasound image quality, but it cannot
completely remove the long tail streak and side lobe of a cavitation
image due to the integration processing.

This paper proposes a PC imaging method that has temporal
resolution by applying delay and sum beamforming at the specified
time instants, as well as spatial resolution by masking out side lobes,
using several hundred microseconds of passively received RF data in
histotripsy. Since a cavitation signal can be assumed to be a point-
like source, it will appear as a bright point in a PC image when the
signal is properly focused on receive. In this method, a PC image
is constructed at regularly spaced time instants and the maximum
image pixel value is found. By repeating this process over the
entire data acquisition time, a sequence of maximum pixel values is
obtained, in which a local maximum indicates the occurrence of a
cavitation. A computer simulation shows that when the frequency of
cavitation occurrence is low, the method proposed herein can detect
individual cavitations that do not overlap in time and space with
high temporal and spatial resolution. The theoretical formulation of
focusing in instantaneous PC imaging is described in the Materials
and Methods section, and a numerical simulation of cavitation
bubble collapse is presented in the Results section.

Materials and Methods

In conventional ultrasound B-mode imaging, the time delay for
dynamic receive focusing can be computed since the receive
process is synchronized with the transmit process. However, the
dynamic receive focusing used in conventional ultrasound B-mode
imaging cannot be used without modifications since PC imaging
focuses only on receive using continuously received data. In this
section, the authors propose a method to create a new PC image
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with time resolution by applying delay and sum receive focusing to  Instantaneous PC Imaging

passively received RF data over a long period of several hundred  Fig. 1 is a conceptual diagram of implementing PC imaging using

microseconds. acoustic signals generated in a medium at a certain time t,. Here,
x and z denote the lateral and axial direction, respectively. The
acoustic signal generated at point P, is first received at time ¢, by
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Fig. 1. The medium, image, and radiofrequency (RF) data planes.

A. Acoustic emission that occurred at point P, in the medium plane at t,is propagated to the receiving array. B. The RF data are passively
received by the linear array ultrasound probe and stored in memory. The arrival time of signals from point P, in the medium plane (time
versus channel) takes the form of a curve. C. The arrival time curve of signals from point P, is the same as that of receive focusing curve P,".
P, is assumed to have occurred at t,. The RF data from point P, coincide with receive focusing curve P;". D. The RF data focused using receive
focusing curve P," are mapped to imaging point P,. Since there are no RF data available in receive focusing curve P,’, side lobes appear at P,
since parts of P," and P," overlap.
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the ultrasound probe element nearest to P;. Fig. 1B shows the RF
data sampled and stored in the receive array by the acoustic signal
starting at point P, at time t,. Since signals sequentially arrive after
time t,,;,, at the receive array located at a farther distance from
the signal generation position, they take an arc-shaped arrival time
distribution in the RF data plane.

Several acoustic signals generated simultaneously at time t, in a
medium to be imaged are received within a certain time range after
t, depending on the propagation distance. Since the shape of the
channel-arrival time curve depends on the location or occurrence
time, it is possible to find the location of the sound source in the
medium from the shape and time location of the arrival time curve.

We compute the receive focusing time delay for the signal
generated from a point P, in the medium at t,. The time it takes the
signal emitted from P, to arrive at each receive channel is computed
as follows [30].

2 2
Tn(X,Z) =M (1)
c

X, is the position of the nth receive element, and c is the sound
velocity. Therefore, the signal arrives at each receive channel at time
ty+T,(x,2). Fig. 1C shows the arrival time, which differs for every
imaging point. Fig. 1C is obtained by imposing the time delay for
focusing the signal generated at P, at time t, in the RF data plane.
Therefore, if all the data for the imaging point P, in Fig. 1C are
added together in the RF data plane of Fig. 1B, the receive focusing
for P, is accomplished. Since all the RF signals from the medium
plane need to be added, the signal focused at the imaging point can
be computed as follows [32]:

N

sz, Z

(t+7,(x,2)) (2)

Here, r, is the signal in the nth receive channel. Fig. 1C presents the
arrival time curve of P, (dashed line). If a signal is not generated at
point P, in the medium, no signal should appear at point P, of the
image. However, when curve P," (dashed line) and curve P, (solid
line) of the receive focusing intersect, and the signals from P, at
the intersection are added together during the focusing process of
imaging point P,, a side lobe or clutter is created at P,.

The instantaneous PC image observed at time t, is obtained
by demodulating the focused RF signal given in Eq. (2), and is
expressed as follows;

Instantaneous PCI(X,z,t)._,,=|s(X,Z,) | (3)

where |- stands for taking the absolute value, or performing
demodulation. The instantaneous PC image obtained using Eg.
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(3) at time t, shows the spatial distribution of all ultrasonic signal
generators at time t, in the medium plane of depth from z=0 to
7=2,,,- Cavitations that occur at other time instants are computed in
the same way, by moving the time instant t, in the RF data plane.

Integrated PC Imaging

In conventional integrated PC imaging, a single image is obtained
by applying the focusing delay to the entire series of time data and
then integrating them over time. Therefore, the image has spatial
resolution but not temporal resolution. The integrated PC image is
obtained by accumulating Eq. (3) over time [33-35].

.
Integrated PCI :Z s(x,z,0)|° (4)

Here, T denotes the time interval over which to acquire the data.

Results

A simulation study was performed to investigate the characteristics
of the temporal and spatial resolution of instantaneous PC images.
First, cavitation by a single bubble was considered, and based on
this, computer simulations were performed on multiple cavitation
events, including five bubbles with different rupture locations, times,
and strengths.

Acoustic Emission and Passive Detection

The acoustic signal p(t) emitted as a result of cavitation is assumed
to be a point source at the location of cavitation occurrence [35,36].
As shown in Eq. (5), p(t) is modeled as a short-time pulse with a
Gaussian function shape (Fig. 2A).

p(t)=exp(-w;-t'/0°)-cos(wq) (5)

where the center frequency f,= w,/2m and the pulse width
parameter 0 were set to 5 MHz and 2.57, respectively. Passively
received RF data were simulated by adding Gaussian noise to Eq. (5)
so that the signal-to-noise ratio was 25 dB [37].

The ultrasonic signal emitted from cavitation was passively
received. We used a 128-element linear ultrasound probe, but every
other element was used for data acquisition. The effective pitch of
the ultrasound probe elements was increased to 0.6 mm. Although
the number of the receive channels was 64, the aperture width
was increased, leading to improved resolution at the expense of
generating grating lobes. The RF data were generated by sampling
at a frequency of 40 MHz. All the simulations were performed on a
PC using MATLAB (The MathWorks, Natick, MA, USA).
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Fig. 2. Acoustic signal waveform and receive channel radiofrequency (RF) data.

A. The acoustic signal waveform p(t) due to bubble collapse is modeled as a short-time pulse in the form of a Gaussian function. B. The RF
data for acoustic emission p(t) of a single bubble collapsing at z=30 mm passively detected by a 64-channel receiving system with a linear
array ultrasound probe shows a curve shape in the time-channel representation. Note that the dotted line is the signal arrival time t,,;,, and

that the bubble collapse time is calculated by t,=t,;,—2/cC.

Single Cavitation

The single cavitation bubble considered in the simulation was
positioned at a depth z=30 mm from the ultrasound probe. The
propagation speed of sound was assumed to be 1,480 m/s.

Fig. 2B shows the RF data acquired in the 64 receive channels of
the ultrasound probe in the time-channel area due to a cavitation
that occurred at a depth of z=30 mm. If the cavitation occurrence
time is t,, then the time at which the emitted acoustic signal first
arrives at the nearest receive element is t,,,=t,+2z/c. This is the time
indicated by the dashed line in Fig. 2B. Assuming that t,=0 s and
that the ultrasound probe element is located at the depth z=0 mm,
it follows that t,;,,=20.27 .

Unlike the focusing process of a conventional medical ultrasound
imaging system that uses transmit and receive focusing, in PC
imaging the signal is generated from a point source. Therefore, if
the focused imaging point coincides with the position of the point
source, the effect is that the transmission focusing has already been
carried out. Therefore, the imaging point where cavitation occurs
has high resolution in the image since the focusing is performed
effectively in both transmit and receive even though only receive
focusing is done.

Using Egs. (2) and (3), the instantaneous PC image from RF data
(Fig. 2B) was constructed by applying time gating from the time
instant at which the cavitation occurred (i.e., t=t,), as shown in Fig.
3B. The produced image had a size of 10 mmx10 mm over a depth
range of 25 mm to 35 mm around the depth z=30 mm at which the
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cavitation occurred. The resolution of the cavitation image depends
on the performance of the focusing system and corresponds to its
point-spread function (PSF). Therefore, the cavitation appears as
the main lobe in the PSF of the imaging system, and other artifacts
appear as side lobes. The instantaneous PC image obtained at the
instant of cavitation occurrence has a high spatial resolution since
the main lobe appears in a small area due to the beneficial effect of
the transmit and receive focusing, and the side lobe artifacts around
the main lobe are significantly reduced. However, in the integrated
PC image (Fig. 3A), the main lobe is elongated along the axial
axis, and large side lobes appear over a wide area. Fig. 3C shows
a circular mask used to segment the cavitation. Fig. 3D shows a
high-spatial-resolution cavitation image with the side lobe masked
out. In practice, we cannot find the cavitation occurrence time from
actual experimental data. To overcome this problem, we tracked the
temporal variation of an instantaneous PC image.

In instantaneous PC imaging, an image was constructed using
the RF data present at the specific time instant. By moving the time
instant on the time axis in the RF data plane, we can construct a
number of instantaneous PC images having temporal resolution.
Fig. 4 shows instantaneous PC images constructed at time intervals
of 1 ps before and after the cavitation occurrence time t=t,. In the
temporally continuous PC images, as the time instant moves away
from t=t,, the position of the main lobe moves away from the
position of cavitation, as its height decreases and shape changes.
The area in which the side lobes are distributed also increases.
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Fig. 3. Comparison of integrated and instantaneous passive cavitation (PC) images of a single cavitation.
A. Integrated PC image shows high side lobe levels. B. Instantaneous PC image constructed at t=t, shows high spatial resolution. C. A circular
mask is placed where cavitation was detected. D. Integrated PC image with circular mask shows high-spatial resolution cavitation image with
side lobe masked out. The images were normalized to the maximum value of each image to make its maximum brightness the same.
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Fig. 4. The time sequence of instantaneous passive cavitation images.
The sequence of instantaneous passive cavitation images was constructed at the following time instants: t=t,—2 ps (A), t=t,—1 ps (B), t=t, (C),
t=ty+1 ps (D), and t=t,+2 ps (E). Note that the color map is adjusted to the peak pixel value of each image.
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When computing the instantaneous PC image, one cavitation
signal appears over a long time interval due to the use of passively
received data.

Comparing the PC images in the entire time interval in Fig. 4,
it is observed that side lobes due to a single cavitation appear
at different image positions with time. Therefore, if side lobes
appearing at different positions in the entire time interval are
integrated, they appear over a wide area as shown in Fig. 3A.

The largest pixel values in the PC image at each time point
were determined by the main lobe in the PSF of the sound wave
emitted from the cavitation. The instantaneous PC images were
constructed by moving the time instant at time intervals of 0.05
ps over the entire time duration, and the change over time of the
maximum pixel value in each PC image was plotted in Fig. 5. The
peak of the largest signal appears at t=0 s, and the side lobe signal
appears over a long time interval of +£5 ps around the time when
the main lobe appears. Therefore, when one cavitation occurs, it
can be used to detect the occurrence time of other cavitations by
tracking the maximum brightness change of the imaging point in
the instantaneous PC images, and to determine the strength of the
cavitation signal. The RF data noise becomes the background noise
in the PC images. As shown in Fig. 6, the floor signal level in the
time interval without a cavitation was higher than when there was
no noise. Thus, the minimum level of cavitation that can be detected
is dictated by the noise level.

60 -
50 -
©
o
2 40
c
()
S
E 30
o
=
© i
< 20
o
10 1
O T T T 1
-10 -5 0 5 10

Time (us)
Fig. 5. Temporal variation of the maximum pixel value of each
instantaneous passive cavitation image for the whole time period
of the radiofrequency data. The peak corresponds to the main lobe
of the image obtained by focusing the cavitation signals, and the
values around the peak correspond to the side lobes. The reference
time is assumed to be t,=0s.
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Multiple Cavitations

Simulation was performed for multiple cavitations collapsing with
different strengths at different positions and time instants. Table 1
shows the location, cavitation occurrence time, and relative strength
of five cavitations. Fig. 6 depicts the RF signal data due to five
cavitations synthesized by a computer simulation. The time when
the ultrasonic signal emitted from cavitation 3 at a depth of 30
mm arrives at the probe is defined as the arrival time t=t,,. Fig.
7 shows the instantaneous PC images in chronological order when
five cavitations are observed in the images. As can be expected,
the PC image when the cavitation signal is emitted has the best
resolution, so cavitation 1, whose signal arrives first, is observed
with the highest resolution at t=t,-2 ps (Fig. 7A). However, since
the signal of cavitation 4 is not included in the time-channel data

Table 1. Simulation conditions for the location, relative time, and
strength of acoustic emission from five cavitations
Cavitation Location (x, )

Cavitation time Relative strength of

index (mm, mm) (ps) acoustic emission
1 (3,28) t—2 Us 0.5
2 (-3,28) t—1 s 0.7
3 (0, 30) t 1.0
4 (3,32 to+1 s 0.7
5 (-3,28) to+2 Us 0.5

Note that t, is the collapsing time of cavitation 3. The positive sign convention in
the relative cavitation time indicates that the cavitation event occurs later than the
reference time (t,) and vice versa.

Time (us)
Relative magnitude

10 20 30 40 50 60

Channel
Fig. 6. The time-channel representation of the radiofrequency
data passively detected by the ultrasound linear probe (64
channels) for the acoustic emission from five cavitations
collapsing at different times and locations. Note that the arrival
time t,,.., is defined with respect to the acoustic emission from
cavitation 3 collapsing at z=30 mm.
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Fig. 7. The time sequence of instantaneous passive cavitation images.
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Relative magnitude

The sequence of instantaneous passive cavitation images was constructed at the following time instants: t=t,—2 ps (A), t=t,—1 ys (B), t=t, (C),
t=ty+1 ps (D), and t=t,+2 ps (E). Note that the color map is adjusted to the peak pixel value of each image.

window of beamforming for imaging cavitation 1, cavitation 4
cannot be identified in Fig. 7A. Since the signals of cavitations 2,
3, and 5 are partially included in the time-channel data window
of beamforming for imaging cavitation 1, the side lobe signals of
cavitations 2, 3, and 5, which are not precisely focused, appear
large. Fig. 7C is an image in which the signal of cavitation 3 is
focused at t=t,. Although all the cavitation signals lie within the
time-channel data window, cavitations 1, 2, 4, and 5 appear as side
lobes. In Fig. 7E, the signal of cavitation 5 shows the best cavitation
resolution, while the side lobe signals of cavitations 1, 3, and 4
appear larger. It can thus be seen that the occurrence time, strength,
and location of each cavitation exert an effect on the capability of
detecting the other cavitations.

The instantaneous PC image obtained at the occurrence time
of cavitation exhibits the best resolution, but to be able to set the
time instant, it is necessary to find when cavitation occurs. The
instantaneous PC images were computed at intervals of 50 ns from
the data of the entire time interval. In the PC image at each time
instant, the maximum value of the pixel was found, and the change
over time is presented as a graph in Fig. 8A. Five peaks indicating
cavitations appear at the same time intervals of 1 ps in Fig. 8B.

Since the RF data were spread in the time-channel data window,
the influence of the side lobe extended to the time range of about
+5 ps, as shown in Fig. 5. The peak value appeared at t=0 s, and
the peak values of the other four cavitations with smaller strengths
appeared around t=+1 ps and +2 ps. In Fig. 8, the time at which
the peaks appeared was computed using the autofindpeaks function
in MATLAB [38]. The occurrence time and relative strength of the
five peaks were found to be -2.03 ps (28.6), —1.00 ps (38.5),
0 s (56.5), 0.98 ps (39.3), and 1.95 ps (27.4) for cavitations 1
to 5, respectively. The region where a cavitation appeared in the
instantaneous PC image computed at the time when the peak
values appeared in Fig. 8A was separated and shown in Fig. 8B. By
creating a circular mask centered on the location of the pixel with
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cavitation (center column) and multiplying it by the PC image (left
column), the cavitation (right column) region from the PC image
can be separated. By adjusting the radius of the circular mask, the
main lobe region of cavitation can be separated using an image
segmentation technique. The separated cavitation images in the
right column of Fig. 8B were superimposed to obtain the overall
cavitation distribution and relative strength shown in Fig. 9A and
B. The high-resolution instantaneous PC image in Fig. 9C and D
indicates that the widespread side lobe is essentially removed
and that the main lobe region is also reduced compared with
the integrated PC image. Fig. 9E shows the integrated PC image
obtained by collecting data over the entire time duration. The five
cavitations that can be distinguished appear with different signal
levels. The spatial resolution of the main lobe representing cavitation
is low, and large side lobe levels appear in a wide area.

Discussion

The proposed method constructs an instantaneous PC image with
temporal resolution by using the delay and sum focusing method
employed in a conventional medical ultrasound imaging system.
However, as shown in Fig. 4, a single cavitation shows a large
side lobe near the cavitation position for a long time. Therefore,
it is necessary to compute the time when cavitation occurs by
tracking the temporal change in the cavitation signal strength in
instantaneous PC images. Fig. 5 plots a graph of the maximum pixel
value in each of the instantaneous PC images. The occurrence time
of cavitation was determined by finding the time instant at which
the maximum value appeared.

Since high-spatial-resolution instantaneous PC imaging computes
only the PC image at the time of cavitation occurrence, there is
no accumulation of side lobes, and high-resolution images can be
attained. However, as shown in Fig. 5, large side lobes are generated
for a long time (a time interval of about 10 ps) before and after
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Fig. 8. Five cavitations imaged by tracking temporal
variation.

A. Cavitation can be detected using temporal variation of the
maximum pixel value of each instantaneous passive cavitation
image for the whole time period of radiofrequency data. B.
Five cavitation regions (right column) are separated at time
instants of cavitation occurrence by placing a circular mask
(middle column) around the position of the peak value pixel
(left column). It is assumed cavitation 3 occurs at t,=0 s.

cavitation occurrence. Therefore, as shown in Fig. 8, in the case
of multiple cavitations, where small cavitations occur in temporal
proximity to the large cavitation signal, the main lobe of the small
cavitation is swamped in the side lobe of the large cavitation, and
thus the peak values of small signals in the graph of the maximum
magnitude versus time cannot be detected. Thus, the proposed
method can distinguish and separate the individual cavitations only
if the cavitation occurrence time instants do not coincide so that the
main lobe signal is not masked by each side lobe.

An ultrasound image can be modeled as a convolution of the
PSF of a focusing system and the distribution (mainly, position and
reflectivity) of scatterers. Accordingly, assuming that a cavitation is a
point-like source, the cavitation is manifested as a main lobe of the
PSF in an ultrasound image. A bubble generated in water due to the
shock wave takes the form of a sphere when photographed [5,39].
However, the cavitations in Figs. 3 and 9 appear to be ellipses with
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the major axis along the axial direction. Therefore, we can see that
the ultrasound PC image does not exactly convey the physical shape
of a cavitation. Fig. 9C and D depict a two-dimensional map of the
relative strength and occurrence time of each cavitation, respectively.

The conventional cavitation image showed a map of the power
by integrating the cavitation signal because the strength of each
cavitation could not be determined [14]. Since the proposed method
detects the strength of each cavitation, we have used it to express
the magnitude of cavitation.

The proposed method is effective in imaging each cavitation
event separately when cavitations do not occur simultaneously and
the distance between them is not small, as in the case that the
frequency of cavitation occurrence is low, which is the case for shock
wave therapy. In Fig. 5, the range of time over which the side lobes
have an effect amounts to 10 ps. As a result, multiple cavitations
that occur in close temporal proximity and whose strength is smaller
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Fig. 9. The superposition of five detected cavitations.

The superposition of five detected cavitations produces a high-
resolution passive cavitation (PC) image in which the locations and
relative strengths of five cavitations can be identified: circular masks
at detected cavitation positions (A); high-spatial-resolution cavitation
image with side lobe masked out, two-dimensional cavitation map
-5 0 of five detected cavitations (B); map of relative strength (C); map of

Lateral distance (mm) occurrence time (D); and integrated PC image of five cavitations (E).
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than side lobe levels are not amenable to detection. Furthermore,
when several cavitations appear simultaneously in an instantaneous
PC image, only a single maximum brightness is detected in the
proposed PC imaging method. Work is in progress to distinguish
multiple cavitations that occur simultaneously in instantaneous PC
imaging.

Although the effectiveness of treatment in histotripsy increases
with increasing cavitation density, it is difficult to distinguish
individual cavitations considering the state-of-the-art resolution
available in current ultrasound imaging systems. In this case, it
is sufficient to show the spatial distribution of cavitation activity.
The method proposed herein was developed for the purpose of
monitoring cavitation activities in real time under the condition that
individual cavitations can be distinguished.

The method proposed in this study is advantageous in that
individual cavitations can be identified and that their occurrence
time, location, and strength can also be determined by only
detecting the main lobe peak with reduced computational
complexity. Furthermore, a high-resolution PC image can be
obtained by completely removing side lobes, which have plagued
the conventional PC imaging methods.

The proposed new PC imaging method can be readily
incorporated into a conventional ultrasound diagnostic device,
and practically used to monitor the treatment process in the
field of therapeutic ultrasound (e.q., extracorporeal shockwave
lithotripsy, extracorporeal shockwave therapy, high-intensity focused
ultrasound, and histotripsy) where inertial cavitation is an important
mechanism of treatment. Further studies are required to confirm
the clinical usefulness of the proposed method and to expedite its
clinical application.
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