1duosnue Joyiny 1duosnuep Joyiny 1duasnuen Joyiny

1duasnuen Joyiny

Author manuscript

-, HHS Public Access
«

|EEE Trans Ultrason Ferroelectr Freq Control. Author manuscript; available in PMC 2016

January 04.

Published in final edited form as:
|EEE Trans Ultrason Ferroelectr Freq Control. 2015 September ; 62(9): 1605-1614.

Removal of Residual Nuclei Following a Cavitation Event: A
Parametric Study

Alexander P. Duryeal, Hedieh A. Tamaddonil, Charles A. Cainl, william W. Roberts1:2, and
Timothy L. Hall?
1Department of Biomedical Engineering, University of Michigan, Ann Arbor, MI, USA

2Department of Urology, University of Michigan, Ann Arbor, MI, USA

Abstract

The efficacy of ultrasound therapies such as shock wave lithotripsy and histotripsy can be
compromised by residual cavitation bubble nuclei that persist following the collapse of primary
cavitation. In our previous work, we have developed a unique strategy for mitigating the effects of
these residual bubbles using low amplitude ultrasound pulses to stimulate their aggregation and
subsequent coalescence—effectively removing them from the field. Here, we further develop this
bubble removal strategy through an investigation of the effect of frequency on the consolidation
process. Bubble removal pulses ranging from 0.5 — 2 MHz were used to sonicate the population of
residual nuclei produced upon collapse of a histotripsy bubble cloud. For each frequency,
mechanical index (MI) values ranging from 0 to approximately 1.5 were tested. Results indicated
that, when evaluated as a function of bubble removal pulse M, the efficacy of bubble removal
shows markedly similar trends for all frequencies tested. This behavior divides into three distinct
regimes (with provided cutoffs being approximate): (1) MI < 0.2: Minimal effect on the
population of remnant cavitation nuclei; (2) 0.2 < Ml < 1: Aggregation and subsequent
coalescence of residual bubbles, the extent of which trends toward a maximum; (3) M1 > 1:
Bubble coalescence is compromised as bubble removal pulses induce high magnitude inertial
cavitation of residual bubbles. The major distinction in these trends came for bubble removal
pulses applied at 2 MHz, which were observed to generate the most effective bubble coalescence
of all frequencies tested. We hypothesize that this is a consequence of the secondary Bjerknes
force being the major facilitator of the consolidation process, the magnitude of which increases
when the bubble size distribution is far from resonance such that the phase difference of
oscillation of individual bubbles is minimal.

INTRODUCTION

Residual cavitation bubble nuclei produced by the collapse of primary acoustic cavitation
can limit the efficacy of ultrasound therapies such as shock wave lithotripsy (SWL) [1-6]
and histotripsy [7]. The collapse of a single primary bubble can generate dozens of
microscopic (<10 pm [4, 8]) residual daughters [9-12], which have been observed to persist
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from 10s of milliseconds [13, 14] up to full seconds [11, 12, 15, 16]. If subsequent acoustic
pulses arrive prior to their dissolution, these residuals can seed further cavitation activity [9,
13, 15, 17, 18]. In SWL this can manifest in compromised stone comminution at high shock
rates [2, 6, 19-22], as residual nuclei that persist along the path of shock wave propagation
induce a selective attenuation of the waveform’s tensile phase [1-4]. A similar rate-
dependent efficacy has been documented in histotripsy treatment of soft tissue [7], in which
the physical location of residual bubble nuclei persisting within the target volume causes
repeated cavitation events at a discrete set of sites—i.e., a memory effect. This, in turn,
produces inhomogeneous tissue fraction and requires an excess humber of pulses to achieve
complete homogenization of the targeted zone.

In our previous work we have explored a strategy for the active removal of these remnant
nuclei following a cavitation event [23], with the ultimate goal of mitigating the ill-effects of
residual bubbles in cavitation-based ultrasound therapies. It was shown that the application
of appropriately designed low amplitude ultrasound pulses can stimulate the aggregation and
subsequent coalescence of residual bubble nuclei, in effect removing them from the field.
These acoustic sequences, which we denote as bubble removal pulses, were hypothesized to
operate via a synergistic interplay between the primary and secondary Bjerknes forces.
Microscopic residual bubble nuclei, being smaller than the resonant size of the 500 kHz
bubble removal pulse previously utilized, tend to move up the pressure gradient and
congregate at the antinode of the bubble removal field (primary Bjerknes force) [24-28].
When brought into close proximity with one another, bubbles that are of similar size
experience an attractive force, further promoting their consolidation (secondary Bjerknes
force) [24, 25, 28, 29]. Our previous results indicate that the secondary Bjerknes force is
likely the dominant facilitator of the bubble consolidation process, with a select set of
acoustic parameters producing optimal aggregation and coalescence [23].

The optimization of bubble removal pulses to manipulate residual nuclei following primary
cavitation collapse could lead to a pronounced adjunct for ultrasound therapies such as SWL
and histotripsy. In the present study, we further explore this phenomenon through an
investigation of the effect of frequency on the bubble removal process. Our previous work
considered only a single frequency (500 kHz) to sonicate remnant cavitation bubbles. Here
we extend the parameter space and examine bubble removal pulses of 0.5, 1, and 2 MHz,
investigating if previously observed trends hold across frequency. The acoustic implications
of residual nuclei remaining in the field following bubble removal are also explored by
measuring the transmission of a secondary pulse through the volume of interest.

METHODS

A. Experimental Setup

The experimental setup used to investigate the effects of bubble removal pulse frequency
was the same as that described previously [23], with the addition of a needle hydrophone
(Muller-Platte Needle Probe 100-100-1, Dr. Muller Instruments, Oberursel, Germany)
positioned adjacent to the histotripsy transducer focus at an offset distance of 2 mm, distal
relative to the bubble removal module (Fig. 1). Once again, all experiments were conducted
in deionized water degased to physiologically relevant levels (dissolved oxygen content of
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7.1+0.1 mg/L at 21.1 £ 0.4 °C (mean % SD), corresponding to 78 £ 1% of saturation); this
mimics the dissolved gas content of human urine, for example [30-32]. Each experiment
was monitored using a Photron Fastcam SA1.1 high speed camera (Photron USA Inc., San
Diego, CA) at a frame rate of 20 kfps and exposure time of 49 ps. A 10x super-long working
distance microscope objective (T Plan SLWD 10x/0.20, Nikon Instruments Inc., Melville,
NY) coupled to a 70 mm macro lens (Sigma 70 mm 1:2:8 DG Macro, Sigma Corporation of
America, Ronkonkoma, NY) provided the optical power to resolve the microscopic residual
nuclei of interest in this study. The theoretical resolution limit of this optical setup is 1.3 pm,
while the theoretical depth of field is 18.3 um. A large area, high power LED light source
(BXRA-50C9000, Bridgelux Inc., Livermore, CA) was used to backlight the experiments
such that bubbles generated in the field were visible as dark shadows on the optical images.

A 2 MHz histotripsy transducer constructed in-house was used to initiate primary cavitation
activity (a cavitational bubble cloud). It consisted of eight PZT-4 disc elements (Steiner &
Martins Inc., Miami, FL), measuring 10 mm in diameter and 1 mm in thickness. Water-tight
modules designed to hold individual elements were fabricated from Accura 60 plastic (3D
Systems Inc., Rock Hill, SC) using a stereolithography machine. The front face of each
module contained an Accura 60 acoustic lens with a focal length of 20 mm; PZT-4 elements
were matched to this lens using an epoxy (1C-LV Hysol, Loctite Corporation, Rocky Hill,
CT) filled 100 mesh copper screen (McMaster-Carr, Aurora, OH) to achieve the proper
thickness and impedance. The eight individual histotripsy modules were aligned confocally
in a spherical arrangement using a plastic scaffold, also fabricated via stereolithography
from Accura 60. This scaffold doubled as the water tank for the experiments, and had optical
windows in the front and rear to permit the use of backlit high speed photography. The
spherical geometry of this transducer produced a highly confined focal zone conducive to
the high optical magnification required to resolve remnant bubble nuclei, with the —6-dB
beamwidths measuring approximately 500 um in both the lateral and axial dimensions.
These measurements were conducted at a pressure amplitude of 6 MPa (linear regime) using
a fiber optic hydrophone with a 100 pm diameter sensing tip [33]. The histotripsy transducer
was driven using a pulse amplifier developed in our lab, which was designed to produce
very short intense bursts. More details regarding the acoustic output generated by this setup
are provided in section C of the Methods.

A separate set of transducers—which we collectively refer to as the bubble removal modules
—were used to sonicate residual cavitation nuclei produced by collapse of the histotripsy
bubble cloud. Similar to the histotripsy modules, these transducers were constructed in-
house using a stereolithography-fabricated Accura 60 housing and acoustic lens. To test the
effect of frequency on the bubble removal process, three distinct module designs were
utilized, which included those with center frequencies of 0.5, 1, and 2 MHz. All bubble
removal modules were constructed using Pz36 disc elements (Ferroperm Piezoceramics A/S,
Kvistgaard, Denmark). For a given module, the front face of the Pz36 element was mated
directly to the Accura 60 acoustic lens using epoxy adhesive (Hysol E-120 HP, Loctite
Corporation, Rocky Hill, CT); a copper screen matching layer was not utilized in these cases
due to the low acoustic impedance of Pz36 (specified at 14 MRayl by the manufacturer).
The 0.5 MHz bubble removal module was constructed from two 1 MHz Pz36 disc elements
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measuring 20 mm in diameter and 1.6 mm in thickness, which were stacked and driven in
unison to produce a 0.5 MHz equivalent source. The 1 MHz bubble removal module was
constructed from a single 1 MHz Pz36 disc element, also measuring 20 mm in diameter and
1.6 mm in thickness. Lastly, the 2 MHz bubble removal module was constructed from a
single 2 MHz Pz36 disc element, measuring 10.2 mm in diameter and 0.8 mm in thickness.
For a given experiment, the bubble removal module of interest was held within the same
spherical scaffold used to position the histotripsy modules (Fig. 1). All bubble removal
modules were driven using a sinusoid at their respective center frequency from an ENI
AP400B controllable power amplifier (Electronic Navigation Industries Inc., Rochester,
NY); further details on the acoustic outputs are presented in the subsequent sections.

B. Bubble Removal Module Design

To investigate the consequences of sonication frequency on the bubble removal process, it is
desirable to keep all other exposure conditions constant. This includes the dimensions of the
acoustic field produced by a given bubble removal module, as the pressure gradients
strongly influence the behavior of acoustically driven bubbles. For this reason we took care
to ensure that the acoustic field dimensions produced by each respective bubble removal
module were as similar as possible in the vicinity in which the residual bubble nuclei were
produced (i.e., the histotripsy focus). This design process was conducted using a Fast
Object-Oriented C++ Ultrasound Simulator (FOCUS, developed by McGough, et al. [34—
37]), which is a cross-platform freeware that consists of a Matlab (MathWorks Inc., Natick,
MA) user interface and object-oriented C++ computation core. Linear transient simulations
were performed to predict the field dimensions generated by a particular set of module
parameters. These included the source’s center frequency, size, acoustic lens power, and
offset relative to the histotripsy transducer focus. The ultimate parameter sets implemented
for the three bubble removal modules characterized in this study are as follows: (1) 0.5 MHz
source measuring 20 mm in diameter, mated to an acoustic lens with a 25 mm focal length
and offset a distance of 18 mm from the histotripsy transducer focus; (2) 1 MHz source
measuring 20 mm in diameter, mated to an acoustic lens with a 25 mm focal length and
offset 35 mm from the histotripsy transducer focus; (3) 2 MHz source measuring 10.2 mm in
diameter, mated to an acoustic lens with a 20 mm focal length and offset 35 mm from the
histotripsy transducer focus. The lateral and axial beam profiles generated by these bubble
removal modules are displayed in Fig. 2, measured using an HNR-0500 needle hydrophone
(Onda Corporation, Sunnyvale, CA) at a pressure amplitude of 500 kPa for each. As
specified by the manufacturer, this hydrophone has a measurement uncertainty of 1.5 dB in
the frequency range 0.5 -1 MHz and 1 dB in the frequency range 1 — 15 MHz. In the lateral
dimension, the —6-dB beamwidths measured on the pressure amplitude were found to be 4.1
mm, 6.2 mm, and 4.2 mm for the 0.5, 1, and 2 MHz modules, respectively. Corresponding
values in the axial dimension were observed to exceed 8 mm in all cases. It should be noted,
however, that the population of residual bubble nuclei generated by the histotripsy
transducer was empirically observed to reside within a zone measuring approximately 1 x 1
x 1 mm centered at the histotripsy transducer focus. This region is represented by the gray
bars included in Fig. 2, and it can be seen that the acoustic field dimensions produced by the
three bubble removal modules used in this study are extremely similar over this zone of
interest.
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C. Acoustic Pulse Sequence

Consistent with our previous work [23], three general types of acoustic pulses were utilized
in this study, as represented in Fig. 3(a) — Fig. 3(c): (1) Histotripsy pulses generated by the 2
MHZz histotripsy transducer were used to initiate cavitation activity in the form of a
cavitational bubble cloud; (2) Bubble removal pulses produced by the bubble removal
modules (0.5, 1, or 2 MHz) were used to sonicate residual bubble nuclei following primary
cavitation collapse, stimulating their coalescence and removal from the field; (3) An
interrogation pulse, also delivered from the bubble removal module utilized in a given
experiment, was used to probe the field for the presence of residual nuclei following bubble
removal. The function of this interrogation pulse was twofold. Firstly, it caused remaining
microscopic nuclei to expand and be more easily detected via high speed imaging. Secondly,
it provided a measure of the acoustic ramifications of bubble nuclei remaining in the field,
as its transmission was measured by the needle hydrophone positioned just distal to the
histotripsy focus (Fig. 1). The overall timing of this pulse scheme is summarized in Fig.
3(d), with specifics provided henceforth.

The initiation of primary cavitation activity in this study was achieved using a train of five
histotripsy pulses delivered at a pulse repetition frequency (PRF) of 1 kHz. Histotripsy
pulses were very short (approximately 2 us) and intense. The acoustic output from a single
histotripsy module is displayed in Fig. 3(a), measured using the same fiber optic hydrophone
used to perform histotripsy field scans. Due to the sparse and spherical distribution of the
modules that compose the histotripsy transducer, there is minimal superposition of
individual waveforms until they reach the geometric focal location; as such, we estimate the
output of the histotripsy transducer as the linear sum of the outputs from the eight individual
modules [38]—suggesting a peak negative pressure of approximately 40 MPa. This overall
output exceeds the intrinsic cavitation threshold in water [38], permitting the histotripsy
transducer to initiate a cavitational bubble cloud with each pulse. A train of five histotripsy
pulses in rapid succession was utilized to maximize the extent of cavitation. Similar to the
bubble proliferation phenomenon observed in SWL [11, 12], this arrangement of histotripsy
pulses was empirically determined to enhance cavitation activity as residual daughter
bubbles persisting between pulses seeded additional sites for cavitation inception.

Following collapse of the final histotripsy-induced bubble cloud, residual cavitation nuclei
were sonicated with a 0.5 ms long bubble removal pulse at a given frequency (0.5, 1, or 2
MH?2z) to stimulate their removal from the field via bubble coalescence. A partial segment of
a representative bubble removal pulse at 0.5 MHz is displayed in Fig. 3(b), acquired using
the same HNR-0500 needle hydrophone used to perform bubble removal module field scans.
All bubble removal pulses were applied at a delay of 0.5 ms following the final histotripsy
pulse, which allowed the histotripsy bubble cloud to collapse and produce residual nuclei in
an unimpeded manner. To investigate the influence of acoustic pulse amplitude on the
bubble removal process at a given frequency, bubble removal pulses with mechanical
indices (MlIs) ranging from 0 to approximately 1.5 were tested. Specifically, bubble removal
pulses at 0.5 MHz were applied at amplitudes of 0, 80, 150, 230, 310, 400, 570, 750, and
1100 kPa. Those at 1 MHz were applied at amplitudes of 0, 80, 210, 280, 360, 430, 660,
890, 1300, 1600, and 1900 kPa. Finally, bubble removal pulses at 2 MHz were applied at
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amplitudes of 0, 100, 160, 220, 290, 430, 570, 790, 1100, 1300, 1700, 2100, and 2400 kPa.
As the bubble removal pulses were observed to have some amplitude variation across their
0.5 ms duration (~10%), these reported values represent the mean amplitude over all cycles
composing the pulse.

The presence of residual nuclei remaining in the field following the bubble removal pulse
was probed for using a second, much shorter, pulse from the bubble removal module, which
we denote as the interrogation pulse. Because the microscopic remnant bubble nuclei of
interest in this study are likely on the order of the of the 1.3 um theoretical resolution limit
of our optical setup, they can be difficult to detect and quantify; furthermore, they may fall
out of the depth of field imaging plane (estimated at 18 pm). For these reasons the
interrogation pulse was used to expand any bubble nuclei remaining in the field such that
they could be more easily detected via high speed imaging. The interrogation pulse also
provided a measure of the acoustic consequences of residual bubbles that persist in the field,
as its transmission through the volume of interest was measured by the needle hydrophone
positioned just distal to the histotripsy focus (Fig. 1). Interrogation pulses propagating
through the field experienced an attenuation commensurate with the extent of residual
bubble nuclei remaining, providing an acoustic metric for quantifying the effectiveness of
bubble removal. Fig. 3(c) displays a representative interrogation pulse waveform generated
by the 0.5 MHz bubble removal module, as calibrated by the HNR-0500 needle hydrophone.
For all bubble removal frequencies, a 10 cycle pulse was used to interrogate the field at 0.5
ms following the completion of bubble removal. Interrogation pulses generated by the 0.5
MHz module had peak-positive/peak-negative (P+/P-) pressures of 2.6/2.4 MPa, those
generated by the 1 MHz module had P+/P- of 2.3/1.5 MPa, and those from the 2 MHz
module P+/P- of 3.0/1.5 MPa. These values were selected based on the empirical
observation that they yield the same baseline level of P— attenuation across frequency, as is
shown in the Results section. Interrogation pulses were found not to initiate any cavitation
bubbles independently (i.e., when not preceded by the generation of a population of
cavitation bubble nuclei).

D. Quantification of Bubble Removal Pulse Efficacy

Two distinct metrics were utilized to quantify the efficacy of bubble removal in this study.
First, the backlit area of shadow of remnant nuclei expanded by the interrogation pulse was
calculated. The entire duration of each pulse sequence was imaged using high speed
photography at 20 kfps, and it was empirically determined that the 110th frame in the image
sequence corresponded to the time point of maximal bubble expansion induced by the
interrogation pulse. This is consistent with the interrogation pulse arrival at 5.5 ms depicted
in Fig. 3. The backlit area of bubble shadow in this frame was calculated for all experiments
using Matlab to sum the pixels that resided below a threshold value, nominally set to 15
standard deviations from the background mean and then scaled on a per-pixel basis to
account for variations in light intensity across the field of view. Secondly, the transmission
of the interrogation pulse was detected by the needle hydrophone located 2 mm distal to the
histotripsy transducer focus. The degree of attenuation of this received pulse is indicative of
the extent of residual nuclei remaining in the field, thus providing a practical metric for the
effectiveness of the bubble removal process. Interrogation pulse transmission was quantified
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using the transmitted peak-negative pressure, based on the observation that this metric
displays a uniform baseline attenuation across the frequency range investigated (see
Results). For each frequency ten trials were performed at each bubble removal pulse
amplitude in a randomized fashion, with a minimum rest time of one minute imposed
between successive trials. All statistical analysis was performed using a Student’s t-Test
with P < 0.05 considered significant.

E. Residual Bubble Nuclei Sizing

RESULTS

In a separate set of experiments, the size distribution of residual bubble nuclei generated by
histotripsy bubble cloud collapse was investigated via optical imaging. The same setup
described previously (Section A) was utilized for these experiments, with the exception of
the camera and its associated optics. In this case images were acquired using a Point Grey
Chameleon camera (Point Grey Research Inc., Richmond, BC, Canada), which was selected
based on its smaller pixel size of 3.75 um affording increased resolution relative to the
Photron SA1.1 high speed camera used in the previous portion of this study (20 um pixels).
A 20x% super-long working distance microscope objective (T Plan SLWD 20x/0.30, Nikon
Instruments Inc., Melville, NY) coupled to a 200 mm macro lens (AF Micro-Nikkor 200mm
f/AD IF-ED, Nikon Corporation, Tokyo, Japan) provided the optical power in this case. The
theoretical resolution limit of this optical setup is 0.4 um, while the theoretical depth of field
is 6.7 um. Again, the initiation of primary cavitation was generated using a train of five
histotripsy pulses delivered at a PRF of 1 kHz and estimated peak negative pressure of 40
MPa. In this case no bubble removal or interrogation pulses were applied, and a single
image of the remnant bubble nuclei was exposed for 2 ps at a delay of 0.5 ms following the
final histotripsy pulse. This sequence was repeated 1000 times with a delay of 10 seconds
imposed between successive trials to allow for complete dissolution of remnant bubbles.
Resulting images were processed in Matlab using the native function ‘imfindcircles’ to
detect and size bubbles that were in focus.

The backlit area of shadow from bubbles expanded by the interrogation pulse is displayed in
Fig. 4, while transmission of interrogation pulse peak-negative pressure is shown in Fig. 5.
Data in each of these plots has been normalized to its respective baseline case. For the
backlit area of bubble shadow, this baseline is defined as the interrogated bubble shadow
area when the bubble removal pulse amplitude is set to O (i.e., when no removal of residual
nuclei is stimulated). For interrogation pulse transmission, the baseline is defined as the
transmitted peak-negative pressure when the histotripsy pulse amplitude is set to O (i.e.,
when no cavitation bubbles are generated prior to interrogation). In this way, when bubble
removal pulses eliminate residual nuclei from the field, it produces a decrease in the
interrogated bubble shadow area relative to its baseline value; correspondingly, attenuation
of the interrogation pulse is relieved and transmission recovers toward its respective
baseline.

Collapse of the final histotripsy bubble cloud was observed to produce an extensive set of
microscopic residual bubble nuclei. Based on our optical sizing experiment, bubbles in this
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population fell within a size distribution of 5.6 + 1.1 ym diameter (mean = SD). With the
bubble removal pulse amplitude set to 0, these residual nuclei persisted over the entirety of
the 0.5 ms bubble removal pulse duration, gradually dispersing with time within an
approximate 1 x 1 x 1 mm volume centered at the histotripsy transducer focus. Propagation
of the interrogation pulse through this population of residual bubbles produced pronounced
attenuation of the waveform, with peak-negative pressure transmission from the 0.5, 1, and 2
MHz modules measured at 0.70 £ 0.04, 0.6p£ 0.02, and 0.65 + 0.03 relative to their baseline
values, respectively.

Increasing the bubble removal pulse amplitude from 0 resulted in three distinct regimes of
residual nuclei behavior, consistent with our previous observations at the single sonication
frequency of 500 kHz [23]. When evaluated as a function of bubble removal pulse
mechanical index (M), these regimes are markedly consistent across the 0.5 — 2 MHz
frequency range investigated in this study. More specifically, at a given bubble removal
sonication frequency the following general behavior is observed (with provided cutoffs
being approximate values): (1) MI < 0.2: Minimal bubble coalescence with some dispersion
of residual nuclei stimulated; (2) 0.2 < MI < 1.0: The aggregation and subsequent
coalescence of residual nuclei becomes more pronounced with increasing M, reaching an
optimum in the vicinity of Ml = 0.8; (3) MI > 1.0: The efficacy of bubble coalescence is
compromised as bubble removal pulses induce high magnitude inertial cavitation, the
collapse of which produces additional residual daughter nuclei. The results of optical high
speed imaging documenting this behavior for bubble removal pulses at 500 kHz can be
found in our previous publication on the topic [23]. Bubbles were not observed to translate
out of the field of view under any circumstances.

At Mls of approximately 0.2 and below, minimal bubble coalescence was observed on high
speed imaging; rather, these ultra-low bubble removal intensities stimulated a minimal
degree of translation of the residual nuclei within the bubble removal focal volume.
Correspondingly, bubble removal pulses applied at MI < 0.2 did not produce a statistically
significant variation in interrogated bubble shadow area (Fig. 4) relative to the respective
baseline cases in which the bubble removal amplitude was set to O (t-test, P > 0.16). An
analogous result was observed for interrogation pulse transmission in this range (Fig. 5),
with values found not to deviate from that produced with the bubble removal pulse set to 0
at each respective frequency (t-test, P > 0.13).

Bubble removal pulses with Mls ranging from approximately 0.2 to 1 stimulated the
aggregation and subsequent coalescence of residual nuclei, the extent of which was observed
to increase with increasing MI over this range. A corresponding decrease in interrogated
bubble shadow area (Fig. 4) was generated relative to baseline for each bubble removal
frequency when M1 = 0.2 (t-test, P < 0.02), with this decrease becoming more pronounced
and trending toward a minimum value as the bubble removal pulse MI was increased.
Interrogation pulse transmission (Fig. 5) showed an analogous trend, as pulse attenuation
was lessened and transmission observed to increase for all frequencies relative to their
respective values when bubble removal was set to 0. For 0.5, 1, and 2 MHz, statistically
significant increases in transmission were observed above Mls of 0.22, 0.28, and 0.20,
respectively (t-test, P < 0.04). The extent of this increase became more pronounced with

|EEE Trans Ultrason Ferroelectr Freq Control. Author manuscript; available in PMC 2016 January 04.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Duryea et al.

Page 9

increasing bubble removal pulse M, ultimately reaching a maximum for each given
frequency. The extrema observed for both the bubble shadow area and interrogation pulse
transmission metrics displayed distinct characteristics based on bubble removal pulse
frequency. In each case, bubble removal pulses applied at 2 MHz trended toward the
extremum more rapidly in comparison to 0.5 or 1 MHz, with the value of this extremum
being more pronounced. With respect to bubble shadow area, bubble removal at 2 MHz
generated a rapid decrease, falling to a normalized value of 0.27 + 0.08 by MI = 0.28.
Further increases in MI within this range produced moderate reductions in bubble shadow
area below this level, with the absolute minimum having a value of 0.08 + 0.02 at an Ml of
0.92. Minimums in bubble shadow area generated by 0.5 and 1 MHz bubble removal pulses
had normalized values of 0.38 £ 0.06 and 0.19 + 0.05, respectively. The minimum at 0.5
MHz fell within the range 0.57 < MI < 0.80 (t-test, P > 0.47), while that for 1 MHz occurred
in the vicinity 0.64 < MI < 1.21 (t-tet, P > 0.23). Interrogation pulse transmission in the 2
MHz case fully recovered to its baseline value by MI = 0.37, maintaining this level through
MI =0.92 (t-test, P > 0.12). Interrogation pulse transmissions at 0.5 and 1 MHz were never
observed to fully recover to their respective baselines, reaching peak values of 0.88 + 0.03
and 0.89 + 0.04, respectively. At 0.5 MHz this transmission maximum was maintained over
the range 0.57 < MI < 0.80 (t-test, P > 0.90), while the corresponding range at 1 MHz was
0.64 < Ml < 0.84 (t-test, P > 0.49). Optical observation via high speed imaging corroborated
these trends in the bubble shadow area and interrogation pulse transmission metrics, with
bubble removal pulses delivered at a given intermediate MI value observed to produce more
complete consolidation of residual nuclei at 2 MHz relative to that produced at 0.5 or 1 MHz

Bubble removal pulses with Mls exceeding approximately 1 showed a decrease in the
efficacy of the bubble coalescence process with increasing MI. High speed imaging
indicated that, while pulses in this range continued to stimulate the aggregation of nuclei,
coalescence was compromised as a result of residual nuclei undergoing high magnitude
inertial cavitation—the collapse of which produced additional residual daughter bubbles.
Measurements of interrogated bubble shadow area (Fig. 4) show a corresponding increase in
this range. At 0.5 and 2 MHz, all bubble removal pulses tested with M1 > 1 produced an
increase in bubble shadow area relative to the respective minimum values observed at
intermediate amplitude (t-test, P < 0.02). At 1 MHz, the minimum in bubble shadow area
persists to a slightly higher M1 of 1.21, with bubble removal pulses applied above this value
producing an increase in area consistent with the other frequencies tested (t-test, P < 0.001).
Compromised bubble coalescence at high MI generated an analogous trend in interrogation
pulse transmission (Fig. 5), with all bubble removal pulses of MI > 1 producing a reduction
in transmission relative to their respective maximums observed at intermediate amplitudes.
This reduction was statistically significant in all cases (t-test, P < 0.01), with the exception
of 2 MHz bubble removal at an Ml of 1.15 (t-test, P = 0.12). The large error bars in this later
case are a result of the fact that residual nuclei were more prone to being displaced large
distances (i.e., out of the path of attenuation measured by the hydrophone) at the high
pressures required to achieve an MI > 1 at this highest frequency.
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DISCUSSION

This study further develops a unique strategy for mitigating the effects of residual bubble
nuclei produced by cavitation collapse, using low-amplitude acoustic bursts to stimulate
their removal from the field via bubble coalescence. Expanding upon our preliminary work
[23], here we investigated the implications of bubble removal pulse frequency on the nuclei
consolidation process. It was found that all tested frequencies (0.5 — 2 MHz) were capable of
stimulating the coalescence of remnant nuclei, with markedly similar trends emerging when
the process is evaluated as a function of bubble removal pulse MI. The major distinction
came for bubble removal pulses applied at the highest tested frequency of 2 MHz, which
were observed to stimulate the most effective coalescence of residual nuclei. This is
evidenced by both the backlit area of shadow (Fig. 4) and interrogation pulse transmission
(Fig. 5) metrics, and corroborated by direct optical observation of the bubble coalescence
process via high speed photography.

In our previous work we hypothesized that the primary and secondary Bjerknes forces are
the major facilitators of the bubble coalescence process, with the secondary force being the
dominant contributor [23]. Briefly, when a bubble is driven in an acoustic field it will
experience a force generated by the field itself (the primary Bjerknes force), as well as a
force generated by adjacent oscillating bubbles (the secondary Bjerknes force) [24-29, 39—
41]. The magnitude and direction of the primary Bjerknes force is dependent upon the phase
of oscillation of the bubble relative to that of the acoustic field—which we denote as 6;—
while the magnitude and direction of the secondary Bjerknes force is dependent upon the
phase of oscillation of two bubbles relative to one another—denoted as 6y, (where 0, = 64> —
051). When evaluated as a function of equilibrium bubble size 6 displays a sigmoidal-shaped
dependence, with the extreme cases of bubbles being much smaller or much larger than
resonant size corresponding to phase differences 05 of 0 or =, respectively. This result can be
obtained from the equations of motion when a bubble is modeled as a damped forced
oscillator [28, 42].

It is an informative exercise to examine the theoretical behavior of residual bubble nuclei in
this study in the framework provided by Bjerknes theory. Based on the Minnaert formula
[43], the 0.5, 1, and 2 MHz bubble removal pulses evaluated here correspond to resonant
bubble diameters of 12, 6, and 3 um, respectively. The equilibrium diameter of the remnant
bubble nuclei produced by the histotripsy transducer was optically sized to fall within a
distribution measuring 5.6 £ 1.1 pm (mean £ SD). As such, at the lowest tested bubble
removal pulse frequency of 0.5 MHz (12 pm resonant diameter) we would expect the
residual nuclei to be smaller than the resonant size of the sonication frequency. This
manifests in a phase difference of oscillation relative to the sound field of 0 < 64 < 7/2,
inducing their migration up the pressure gradient and congregation at antinodes [28, 44].
Furthermore, because the size distribution of nuclei is relatively tight—residing entirely to
one side of resonance—we expect the phase difference of oscillation between adjacent
bubbles to fall within the range 0 < | 0, | < /2 such that the secondary Bjerknes force is
attractive [24, 28, 29]. Conversely, at the highest tested bubble removal pulse frequency of 2
MHz (3 um resonant diameter) residual nuclei should be larger than resonant size. Thus, we
expect a phase difference of oscillation relative to the sound field of /2 < 65 < 7, promoting
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their migration down the pressure gradient and congregation at nodes [28, 44]. Because the
size distribution of nuclei is again relatively tight and resides to one side of resonance, we
expect the phase difference of oscillation of adjacent bubbles to fall within the range 0 < | 0
| < /2 such that the secondary Bjerknes force remains attractive. Lastly, at the intermediate
bubble removal pulse frequency of 1 MHz the size distribution of remnant bubble nuclei is
likely to be bisected by the 6 um equilibrium diameter corresponding to resonance. As such,
migration both up and down the pressure gradient could be expected as a result of the
primary Bjerknes force, while all nuclei remain in a tight size distribution such that 0 < | 0y |
< 7i/2 and an attractive secondary Bjerknes force develops.

The observed behavior of residual nuclei in this study gives further support to the theory that
the secondary Bjerknes force is the dominant facilitator of the bubble consolidation process
[23]. While the primary Bjerknes force is likely a contributor to the initial aggregation of
nuclei at the lowest tested frequency of 0.5 MHz, its effect on consolidation is potentially
counterproductive at the higher frequencies investigated in this study. Furthermore, as
residual nuclei coalesce, the average equilibrium diameter of bubbles present in the field
will increase. This is likely to further diminish any positive aggregative effects generated by
the primary force, as bubbles further exceed resonant size and are subject to a force oriented
down the pressure gradient away from the axis of consolidation. Nevertheless, pronounced
aggregation and coalescence of residual nuclei was observed for all frequencies tested,
implying that the secondary Bjerknes force is the major contributor to the process. The fact
that bubble consolidation did not become pronounced until intermediate Mls is also
consistent with this theory, as previous studies have demonstrated that the secondary
Bjerknes force increases with intensity more significantly than the primary [45-47]. Finally,
the dominance of the secondary Bjerknes force provides an explanation as to why the
highest tested bubble removal frequency of 2 MHz generates the most effective nuclei
coalescence. When residual bubble nuclei begin to coalesce and their average equilibrium
diameter increases beyond the initial measured value, the resulting bubble size population
will reside the farthest from resonance when sonicated at 2 MHz (relative to the other
frequencies tested). As such, the phase difference of oscillation (6) of bubbles within the
population will be the smallest for this highest frequency, leading to a more pronounced
secondary Bjerknes force (which has a dependence on cos(6y) [28]).

Our future work will include the development of a mathematical simulation to verify both
the relative contributions of the Bjerknes forces and the implications of bubble removal
pulse frequency. Based on the empirical results presented here, we expect higher bubble
removal frequencies to generate the most effective nuclei consolidation for remnant bubbles
of this size. It remains to be seen if ultrasound therapy sources of different frequencies (be it
histotripsy or SWL) generate remnant cavitation nuclei of varying mean size, and this will
be an important consideration in determining the optimal bubble removal frequency for a
given application. Furthermore, as it will be desirable for the bubble removal sound field to
encompass the entire population of residual bubble nuclei, there will be practical tradeoffs
between the bubble removal sonication frequency and the resulting focal dimensions. One
important point in this regard is the fact that—while this study aimed to investigate the
bubble removal mechanism in a simplified environment—application of this process in-vivo
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is likely to be more complex with tissue structures influencing the distribution and mobility
of remnant bubbles. The porosity of tissue with respect to these micron-sized bubbles is
currently unknown. However, we expect this approach to translate directly to the fluid-filled
space of the kidney’s collecting system in which renal stones typically reside. Our future
work will aim to address these questions through the use of simulation and continued
experimentation, with the end goal of producing an optimized bubble removal process that
stands to augment cavitationally based ultrasound therapies such as histotripsy and SWL.

CONCLUSION

In this work we further developed a novel strategy for mitigating the effects of residual
bubble nuclei produced by cavitation collapse, exploring the implications of bubble removal
pulse frequency on the nuclei consolidation process. It was found that, when evaluated as a
function of bubble removal pulse Ml, the efficacy of bubble removal shows markedly
similar trends across the frequency range tested (0.5 — 2 MHz). At low bubble removal pulse
Mls (approximately MI < 0.2) minimal effect was produced, at intermediate Mls
(approximately 0.2 < Ml < 1) pronounced aggregation and coalescence of residual nuclei
was generated, and at high MI (approximately MI > 1) residual cavitation nuclei were re-
excited and the coalescence process was compromised. The main distinction in these trends
was the fact that, at a given intermediate bubble removal pulse Ml, the highest tested
frequency of 2 MHz generated the most effective consolidation of remnant nuclei. We
attribute this result to the likelihood that the secondary Bjerknes force is the major facilitator
of the consolidation process, and plan to further investigate the phenomenon with the aid of
mathematical simulation. It is our hope that these efforts will result in an adjunct for
cavitationally based ultrasound therapies such as histotripsy and SWL, enhancing
efficiencies that are currently limited by the effects of residual cavitation bubbles.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.

Hglf—section view of the experimental setup used to study effects of sonication frequency on
the bubble removal process. Primary cavitation was initiated by an array of eight 2 MHz
histotripsy modules arranged in a spherical pattern, while bubble removal pulses were
delivered from a separate bubble removal module (0.5, 1, or 2 MHz) aligned at a
predetermined offset relative to the histotripsy focus (see text). All transducer modules were
held within an Accura 60 plastic scaffold that also served as the water tank for the
experiments. Optical windows in the front and rear of the scaffold permitted the use of
backlit high speed photography to monitor the bubble removal process. A needle
hydrophone positioned adjacent to the histotripsy focus, at an offset 2 mm distal relative to
the bubble removal module, was used to measure the transmission of interrogation pulses
propagating through the field.
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Fig. 2.

Bl?bble removal module field scans performed in the (A) lateral and (B) axial dimensions
using an HNR-0500 needle hydrophone. Pasition 0 corresponds to the point of overlap with
the histotripsy transducer focus. In all cases, the pressures are normalized to their respective
values at this location. Gray bars represent the region over which residual bubble nuclei
generated by the histotripsy transducer generally occur, empirically observed to be an
approximate 1 x 1 x 1 mm volume centered at the histotripsy transducer focus. The field
dimensions of the bubble removal modules are quite consistent over this region of interest.
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Fig. 3.

General pulse scheme used to study the effect of sonication frequency on the bubble
removal process. A. Representative waveform acquired from a single 2 MHz histotripsy
module; the histotripsy pulse amplitude at the focal location can be estimated as the linear
sum of the waveforms from all eight histotripsy modules, suggesting a focal peak negative
pressure of approximately 40 MPa. B. Example segment of a 0.5 ms bubble removal pulse at
0.5 MHz; bubble removal pulses with center frequencies of 0.5, 1, and 2 MHz were
investigated, while the amplitude was varied from 0 to approximately 2 MPa at a given
frequency. C. Example interrogation pulse at 0.5 MHz; interrogation pulses were generated
by the bubble removal module utilized in a given experiment and had a constant duration of
10 cycles, while the amplitude was frequency-dependent (see text). D. Overall timing of
experimental pulse scheme.
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Fig. 4.
Backlit area of shadow (mean + SD, n = 10) from bubbles expanded by the interrogation

pulse. Data at all frequencies has been normalized to its corresponding baseline value
(bubble removal pulse amplitude set to 0). When evaluated as a function of M, three
distinct regimes of behavior are apparent across all frequencies tested (with provided cutoffs
being approximate values): (1) MI < 0.2: Minimal bubble coalescence is observed and
bubble shadow area does not deviate significantly from its baseline value; (2) 0.2 < MI < 1:
Bubble coalescence becomes more pronounced with increasing MI, and bubble shadow area
decreases and trends toward a minimum; (3) MI > 1: Bubble coalescence is compromised as
removal pulses incite violent cavitation and bubble shadow area increases.
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Fig. 5.
Transmission of interrogation pulse peak-negative pressure (mean + SD, n = 10). Data at all
frequencies has been normalized to its corresponding baseline value (histotripsy pulse
amplitude set to 0—i.e., no cavitation bubbles generated prior to interrogation). When
evaluated as a function of MI, three distinct regimes of behavior are apparent across all
frequencies tested (with provided cutoffs being approximate values): (1) Ml < 0.2: Minimal
bubble coalescence is observed and interrogation pulse transmission does not deviate
significantly from its baseline value; (2) 0.2 < Ml < 1: Bubble coalescence becomes more
pronounced with increasing MI, and interrogation pulse transmission increases and trends
toward a maximum; (3) MI > 1: Bubble coalescence is compromised as removal pulses
incite violent cavitation and interrogation pulse transmission decreases.
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