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Abstract

In this article, the negative pressure values at which inertial cavitation consistently occurs in
response to a single, 2-cycle, focused ultrasound pulse were measured in several media relevant to
cavitation-based ultrasound therapy. The pulse was focused into a chamber containing one of the
media, which included liquids, tissue-mimicking materials, and ex-vivo canine tissue. Focal
waveforms were measured by two separate techniques using a fiber-optic hydrophone. Inertial
cavitation was identified by high-speed photography in optically transparent media and an
acoustic passive cavitation detector. The probability of cavitation (P, for a single pulse as a
function of peak negative pressure (p-) followed a sigmoid curve, with the probability
approaching 1 when the pressure amplitude was sufficient. The statistical threshold (defined as
Pa,=0.5) was between p_ = 26.0-30.0 MPa in all samples with a high water content, but varied
between p_ = 13.7 to > 36 MPa for other media. A model for radial cavitation bubble dynamics
was employed to evaluate the behavior of cavitation nuclei at these pressure levels. A single
bubble nucleus with an inertial cavitation threshold of p_ = 28.2 MPa was estimated to have a 2.5
nm radius in distilled water. These data may be valuable for cavitation-based ultrasound therapy to
predict the likelihood of cavitation at different pressure levels and dimensions of cavitation-
induced lesions in tissue.
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Introduction

Pressure thresholds for inertial cavitation in water and tissues at MHz ultrasound frequencies
have been studied in great detail, both theoretically (Sponer 1990; Allen et al. 1997; Yang
and Church 2005) and experimentally (Fowlkes and Crum 1988; Deng et al. 1996; Holland
et al. 1996). These thresholds are of particular interest for understanding the pressure levels
which may cause cavitation-related tissue damage in diagnostic and therapeutic ultrasound.
Cavitation nucleation is often separated into two categories. The first, heterogeneous
nucleation, describes gas bodies stabilized by impurities in the medium. Multiple models,
including the variably-permeable skin model (Yount 1979), the crevice model (Harvey et al.
1944; Atchley 1989), and ionic stabilization (Vinogradova et al. 1995), have been used to
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successfully describe how gas bodies may exist stably in the liquid. Several studies in water
have found short ultrasound pulses can induce inertial cavitation between 0.5 — 2 MPa peak
negative pressure (p-) at 1 MHz, which agrees well with theory for heterogeneous cavitation
with nuclei of radii on the order of microns (Apfel and Holland 1991). Cavitation and
associated tissue damage has been detected /n-vivo under similar acoustic conditions,
particularly with the introduction of contrast agents or in the presence of gas bodies such as
the lungs (Holland et al. 1996; Carstensen et al. 2000).

In the absence of such impurities, another form of nuclei may still exist at least temporarily.
Homogeneous or spontaneous nucleation can occur within the medium when thermal
fluctuations of an individual group of molecules create a favorable energetic condition such
that the energy to create a nucleus of a given radius is lower than a critical value (Church
2002). Classical nucleation theory provides an estimate for the tensile strength of a liquid
based on the formation of these nuclei, predicting a tensile threshold of roughly 140 MPa in
water (Fisher 1948). However, alternative models exist which predict lower values between
27 MPa — 100 MPa (Temperley 1947; Ho-Young and Panton 1985). Due to the delicate
nature of the measurement, experimental results for such a pressure threshold have varied
significantly. Nonetheless, multiple independent measurements suggest cavitation occurs
consistently in the range of 24-33 MPa for distilled water. Methods of generating the
necessary pressure for cavitation include application of a quasi-static tension by a rotating
capillary tube (Briggs 1950), cylindrically focused ultrasound (Greenspan and Tschiegg
1967), spherically-focused microsecond sinusoidal pulses (Herbert et al. 2006), and focused
shock waves (Wurster et al. 1995; Sankin and Teslenko 2003). Herbert et al (2006) noted
that cavitation probability vs. pressure was remarkably consistent between water samples,
even with different purity levels. Sankin and Teslenko (2003) proposed the existence of two
distinct sets of nuclei in water: micron-sized impurities which are responsible for
heterogeneous cavitation, and ubiquitous nanometer-sized nuclei which expand near a
threshold of 33 MPa. One group has experimentally reached nearly 140 MPa tensile
pressure in water in small quartz inclusions, but these pressure levels were indirectly
determined from an extrapolation of an equation of state (Zheng et al. 1991).

Knowledge of pressure levels necessary to reliably produce inertial cavitation is important
for histotripsy, a noninvasive therapy that applies short, finite-amplitude, focused pulses of
ultrasound to cause mechanical breakdown of a targeted tissue (Xu et al. 2004; Parsons et al.
2006a). To generate a dense cloud of cavitation for tissue ablation, the peak pressure levels
applied at focus are considerably greater than those used in HIFU thermal therapy, but the
pulses are applied at a sufficiently low duty cycle to avoid thermal effects (Kieran et al.
2007). The pressure amplitudes necessary to generate cavitation clouds in histotripsy have
been reported in several studies, and vary between p_ of 6-15 MPa in degassed water (Xu et
al. 2005; Bigelow et al. 2009; Maxwell et al. 2009; Maxwell et al. 2011) and between 13.5-
21 MPa in tissue and tissue phantoms (Xu et al. 2007; Maxwell et al. 2011). The mechanism
by which cavitation clouds form in histotripsy appears to be a result of two types of
cavitation. Although observations show that single cavitation bubbles may appear in the
focus in response to the negative phase of the incident wave, a majority of the cavitation
forms when shock waves from the acoustic pulse scatter from one of these single bubbles
(Maxwell et al. 2011). Reflection of the shock fronts from a bubble causes an inversion of
the shock, creating a large negative pressure which is backscattered towards the transducer.
This pressure incites a cluster of cavitation bubbles to form between the bubble and
transducer (Figure 1). Each cycle of the pulse repeats this scattering process, forming a new
section of the cavitation cloud at the focus, until the end of the pulse arrives. Because the
size and shape of single bubbles, the strength of the shock front, and the positive pressure
amplitude play a role in generating the cavitation cloud by this mechanism (Maxwell et al.
2010a), the peak negative pressure of the incident wave cannot be used as a sole indicator of
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the threshold. These factors explain in part the variation in pressure thresholds reported in
previous experiments. The observation that the cavitation nuclei which expand to form the
cloud are not excited by the incident wave implies that their threshold is significantly higher
than the peak negative pressure of the incident wave.

The purpose of the research presented in this article was to establish the peak negative
pressure levels at which inertial cavitation (such as that in cavitation clouds during
histotripsy) is consistently produced by a single, short, focused pulse at 1.1 MHz. To
accomplish this goal, the probability of inertial cavitation was measured by subjecting each
sample to 100 pulses at several pressure levels. We establish the necessary peak negative
pressure to achieve cavitation with probability ~,,, = 0.5 for a single pulse as a statistical
threshold. It is important to note that this definition of the threshold is significantly different
than that used in previous cavitation literature, which is often defined as the smallest
pressure amplitude at which cavitation is observed in long duration constant exposures
(Kyriakou et al. 2011) or by repeated pulsing (Fowlkes and Crum 1988; Holland and Apfel
1990) over thousands or millions of acoustic cycles. The finite number of pulses and
duration in our experiment limits our detection to pressure amplitudes where cavitation
occurs on the order of P.,,=>~1 in 100 acoustic cycles in the transducer focal volume. P,
vs. p- was measured in several liquids, tissue phantoms, and tissues using a highly focused
ultrasound transducer to generate a short negative pressure pulse. The resulting probability
curves and a numerical cavitation model are used to estimate the behavior of bubbles in
response to short acoustic pulses such as those in histotripsy.

Cavitation Chamber Construction

A 150-mL chamber was constructed to allow sonication of the sample and simultaneous
visualization of the region of interest in transparent samples (Figure 2). The chamber
components were made from polytetrafluoroethylene, glass, and 316 stainless steel to
operate over a wide temperature range and with a variety of chemicals. The two glass
windows were inserted in the walls of the chamber to facilitate high-speed photography of
the cavitation activity. Acoustic windows in the front and back made from 12-pm thickness
low-density polyethylene membranes were added to contain fluids in the chamber and allow
ultrasound propagation into the sample. Fluid inlet and outlet ports were integrated into the
top and bottom of the chamber for circulation of fluid when necessary. The chamber was
cleaned between experiments by first washing in a detergent solution, then soaking in
acetone, and finally rinsing thoroughly with distilled water.

Sample preparation

The cavitation thresholds of several liquid media, tissue phantoms, and canine tissue
specimens were tested. Relevant acoustic and mechanical properties of the tested samples
are given in Table 1. Cavitation probability vs. pressure was measured in three samples of
each type. Unfiltered tap water, distilled water, and 1,3-butanediol were degassed by
rigorously boiling the liquid in a 1-liter Pyrex flask on a hot plate for 10 minutes while
stirring with a PTFE-coated magnetic stir bar, then sealing the flask and cooling the liquid to
room temperature for the experiment before unsealing. Using this method, gas levels of
~10% O, saturation could be achieved, as measured in water with an O, meter (DO200,
YSI, Yellow Springs, OH).

Gelatin gel was tested as a common ultrasound tissue mimicking material that is optically

transparent. Gelatin powder (G2500, Sigma Aldrich, St. Louis, MO, USA) was added to
distilled water at 5% or 15% w/v. The solutions were heated in a Pyrex flask on a hot plate
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to boiling temperature to completely dissolve all powder, and allowed to boil for 10 minutes
while stirring. The flask was then sealed until the temperature was lowered to 40°C, then
added to the test chamber and allowed to cool to room temperature before the experiment.

Tissue samples were acquired from canine research subjects immediately post-mortem in an
unrelated study. All protocols were approved by the University Committee for Use and Care
of Animals (UCUCA). Tissue was placed in room temperature saline and experiments were
conducted within 24 hours of harvest. Each sample was embedded in the chamber in 5%
gelatin in the chamber, which was prepared as described above. The samples were
embedded in gelatin to fix the position of the tissue relative to the chamber and displace any
remaining air. All tissue samples were several cm in dimension transverse to the acoustic
axis and at least 1 cm in dimension along the acoustic axis as positioned during testing.

Blood was also collected from canine research subjects and placed in a citrate-phosphate-
dextrose solution (C7165, Sigma Aldrich, St. Louis, MO, USA) with a ratio of 9:1, and then
stored in refrigeration at 4°C. The blood was added to the chamber directly, and allowed to
return to room temperature before sealing the chamber prior to experiment. Blood clots were
created from the whole blood at room temperature by addition of 0.05 mL of 0.5 M CaCl,
per 1 mL of blood. After adding the mixture to the chamber, the chamber was placed in a
water bath at 37°C for 2 hours to allow incubation of the clot. The chamber was then sealed
and positioned in a degassed water tank at room temperature for the experiment.

Pressure pulse generation

A spherically-focused transducer with a center frequency of 1.1 MHz was used to generate
ultrasound pulses. The focus was aligned to the center of the sample chamber in the
degassed water tank. The transducer consisted of an array of eight 2-cm diameter focused
elements aligned confocally with a radius of curvature of 5 cm. The overall aperture of the
transducer array was 8.5 x 7 cm. The pressure distribution at the focus was ellipsoidal, and
the effective -6 dB pressure beamwidth at low amplitude was 1.1 mm transverse to the
acoustic axis and 6.8 mm along the acoustic axis. The multi-element transducer
configuration allowed characterization of each element’s output to estimate the focal
pressure beyond the cavitation threshold, as described in the following section. The
transducer was connected to a class D amplifier developed in our lab (Hall and Cain 2006)
through a matching network, which provided high-voltage output to each element. The
amplifier signal was controlled by a field-programmable gate array (FPGA) logic board
(Altera, San Jose, CA, USA). This system was used to apply a 2-cycle, sinusoidal voltage
pulse to the transducer.

Due to the limited transducer bandwidth of ~50%, only the second cycle of the pulse
reached the maximum amplitude, meaning that there was only one negative pressure
excursion with the peak amplitude (Figure 3). This very short pulse minimized cavitation
occurring through shock scattering and therefore cavitation would only be generated by the
negative pressure half cycle of the incident wave. The pulse repetition frequency (PRF) for
the transducer was kept very low (0.33 Hz) to minimize the possibility of cavitation from
one pulse from changing the probability of cavitation on a subsequent pulse. Preliminary
experiments revealed that for PRFs > ~ 1 Hz, cavitation during a pulse increased the
likelihood of cavitation on the following pulse, an effect which would artificially increase
the apparent probability of cavitation at a given pressure. Below this value, the probability
did not change significantly with PRF in preliminary experiments.

In solid samples, the focus was translated for each pulse by 1 mm transverse to the acoustic
propagation direction ina 10 x 10 grid for each pressure level to minimize the effects of
cavitation damage to the solid sample from altering the probability of cavitation. Each focal
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volume in the solid received no more than one pulse at each acoustic pressure level, and
only with a fraction of these did cavitation occur. One hundred pulses were applied to the
sample at each pressure level tested. The pressure levels were applied in a randomized order
to minimize dependency of possible hysteretic effects of pressure level on cavitation
activity.

Transducer focal pressure measurement

Measurements of the focal pressure were recorded with a calibrated fiber-optic probe
hydrophone (FOPH) (Parsons et al. 2006b). The FOPH was cross-calibrated by substitution
comparison with two piezoelectric reference hydrophones (HGL-0085 and HGL-0200, Onda
Corporation, Sunnyvale, CA, USA). Each hydrophone had a reported calibration uncertainty
at 1.1 MHz of = 1 dB (~ £ 12%), thus the sensitivity was taken from the average of both
measurements with uncertainty &/ Vn=+ 8.5%, Both reference hydrophones’ measurements
were in agreement (at measured pressures up to 3 MPa) within 4%. The measurements were
captured in a free-field condition in water degassed to 25% O». Pressure levels up to 23 MPa
peak negative pressure could be recorded in water with the FOPH. Above this level,
cavitation often occurred on the hydrophone or the fiber tip fractured, which precluded
further measurements. Two separate indirect measurement techniques were employed to
determine the peak negative pressure at the focus vs. transducer driving voltage beyond the
measureable range in water.

For the first technique, the fiber optic hydrophone was positioned in another liquid which
was found to have a higher threshold for cavitation: 1,3 butanediol. This method has been
used with piezoelectric hydrophones in castor oil to prevent cavitation damage to their
surface from lithotripter shockwaves (Howard and Sturtevant 1997). Butanediol has a room
temperature density (o = 1005 kg/m3) and sound speed (¢ = 1505 m/s) very similar to water
(o =998 kg/m?3 and ¢ = 1484 m/s), minimizing acoustic reflection at the interface between
the two. The fiber probe was positioned in a small container of butanediol with an acoustic
window of 12-pm low-density polyethylene facing the transducer. To ensure the attenuation
in butanediol did not alter the measurement significantly, the probe tip was positioned only 5
mm from the interface. The sensitivity of the fiber optic hydrophone in butanediol was
calculated by comparison of the focal pressures measured in water with the FOPH and
piezoelectric hydrophones at low pressure values.

The second technique used to estimate the focal pressure was summation of measurements
from individual elements’ pressure output at the focus. Each of the 8 elements in the
transducers was driven separately, and the pressure waveforms were measured at the
transducer focus in degassed water with the fiber optic hydrophone. The waveforms from
each element for a given driving voltage were then summed to estimate the pressure
waveform generated by the transducer when all 8 elements are driven in phase. Generally,
this technique is not acceptable for high-amplitude measurements, because nonlinear
propagation is dependent on the pressure amplitude along the path from the transducer to
focus. When an element is driven individually, the pressure in and around the focus is lower,
meaning the waveforms measured independently will be less distorted than the waveform
with all elements driven simultaneously. This effect can lead to significant errors in peak
pressure levels. In this study, however, the elements are each focused individually and the
beam paths from each element do not overlap except at the transducer focus, which is only a
few mm distance. Thus, most of the nonlinear distortion is expected to develop in the
nearfield of each element, independent of the others. This argument was verified by
comparing the measurements at lower pressures with focal waveforms captured with all 8
transducer elements driven at the same time. The pressure calibration results from each
method are shown in Figure 3.
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With the FOPH in butanediol, the pressure measurement error compared with the standard
measurement in water up to supply voltage = 230 V (p- = 23 MPa) was £ < 10%, and ¢4
= 2.6%. Using the method of element summation to predict the focal pressure, the error
compared with the standard measurement was e < 15%, and e,04, = 8.7%. At higher
transducer output where the standard measurement could not be made in water, the two
methods agreed within 15% of each other for all measurements. Based on the better
agreement of the data in water and butanediol, the data in butanediol were fit to a 5" order
polynomial which was used to determine the peak negative pressure vs. voltage. The overall
uncertainty for the absolute value of peak negative pressure is estimated to be + 8.9% based
on the combined uncertainty of the reference hydrophone and comparison between water
and butanediol measurements. Corrections were also made to the focal pressure amplitudes
for sample attenuation and reflection based on literature values for acoustic impedance and
absorption, assuming linear propagation. These corrections were < 0.9 dB for all samples.

Camera measurement and image processing

A high speed camera (210, Vision Research, Wayne, NJ, USA) was used to capture
images of the focal zone directly after the propagation of each pulse through the focus in all
transparent media. The camera was focused with a macro-bellows lens (Tominon, Kyocera,
Kyoto, Japan) through the optical window of the chamber to observe the focal region. The
camera was backlit by a continuous light source to produce shadowgraphic images of
cavitation bubbles. The camera was triggered to record one image for each pulse applied, 3
s after the beginning of the pulse reached the focal center. This timing coincided with the
largest negative pressure excursion of the pulse reaching the far —6dB pressure point of the
focus. This ensured that the pressure pulse had passed over the entire focal volume at the
time of capture. The camera exposure time was 2 s for all images.

After acquisition, images were converted from grayscale to binary by an intensity threshold
determined by the background intensity of the shadowgraphs in image processing software
(MATLAB, The MathWorks, Natick, MA, USA). Bubbles were indicated as any black
regions > 5 pixels. The minimum resolvable diameter of a bubble was about 15 jum, due to
the magnification of the described experimental arrangement and minimum 5-pixel area.
The number of frames which contained detected cavitation bubbles on an image was
recorded and the fraction of total frames for which any cavitation was detected was recorded
as the cavitation probability.

PCD measurements and signal processing

While high-speed photography simplifies detection of cavitation in transparent media, it
cannot be used with most tissue samples. Additionally, the camera only detects the presence
of cavitation at one time point, and does not provide information regarding the cavitation
dynamics. An acoustic method was also used to identify cavitation in the focal zone in all
media. A passive cavitation detector (PCD) using a high-bandwidth 5-MHz focused
transducer with focal length = 10 cm was positioned behind the therapy transducer with their
foci overlapping. The central hole in the therapy transducer provided an unobstructed
aperture for the PCD. The PCD was connected to a signal amplifier (PR5072, Panametrics
NDT, Waltham, MA, USA), which was in turn connected to an oscilloscope (LT372,
Lecroy, Chestnut Ridge, NY, USA). The time window was selected to record the backscatter
of the pressure pulse from cavitation bubbles (Roy 1990; Herbert et al. 2006), as well as
emissions from bubble collapse well after the pulse passed the focus (Bailey et al. 2005;
Brujan and et al. 2005).

To determine whether cavitation occurred during a pulse, the signal generated by
backscattering of the incident pulse from the focus was analyzed. A significant fraction of
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the incident wave energy is scattered when a cavitation bubble expands, greatly increasing
the backscattered pressure amplitude received by the PCD. This signal appeared on the PCD
at the time point corresponding with the time of flight between the focal lengths of both
transducers. Since the walls of the chamber were at least 1.5 cm from the focus, the
possibility of the scattering from other sources besides cavitation could be minimized by
time windowing the signal. The integrated frequency power spectrum of the backscatter
signal B(§) was used as a measure of whether cavitation occurred during the pulse. The
signal’s Fourier transform, B(7), was first calculated, and the integrated power spectrum, S,
was calculated by

f2
S=YIBOP.
fi

It is common to evaluate subharmonic or superharmonic broadband emissions which are
generated solely by cavitation under lower-amplitude long-burst excitation, when these
frequencies are not present in the incident pressure waveform (Chen et al. 2003; Rabkin et
al. 2005). However, the pulse applied in this study was broadband because of the many
harmonics from nonlinear distortion and short pulse duration. The largest component of the
backscatter was near the center frequency (1.1 MHz), and thus the power spectrum of the
backscatter signal around this frequency (0.6 — 1.6 MHz) was used as a measure of
cavitation presence rather than the high-frequency broadband spectrum.

The threshold for S for a cavitation event was determined by scaling the expected value for
Sbased on the focal pressure curve obtained from calibration measurements. The following
procedure was applied:

1. The integrated power spectrum, Sg, for each of the focal pressure waveforms
recorded by fiber optic hydrophone was calculated using Eq. 1.

2. The integrated power spectrum, Spcp, for the pressure signals received by the PCD
was calculated. The mean and standard deviation of Spp for 100 pulses were
calculated.

3. Itis reasonable to expect that the backscatter intensity will increase in proportion
with focal intensity when cavitation does not occur, and a plot of SpcpVvs. Sqat
low pressures would follow a linear relationship. The expected value of Spcp Vs.
Sris given by:

S (V)
SPCD(V"):S EV D) S pen (V1) 2
FA\T =

If, for a single pulse at a voltage Vy, the value Spcp exceeds the expected value
given in Eq. 2 by 5 standard deviations, it is considered that inertial cavitation has
occurred. The voltage V-1 is then chosen as the last point for the linear fit.

4. The means and standard deviations for Spcp(Vy, Vi+a-.., V) are estimated by a
least-squares linear regression to the values Spcp(Vy, Vo, ..., V-1) and linear
extrapolation with respect to Sg

5. For each of the signals recorded by PCD for (V,, Vj41, ..., V), the value Spepis
compared with the expected value calculated in step 4. If this value is greater than
expected by 5 standard deviations, then inertial cavitation is considered to have
occurred during the pulse.
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This method allowed a quantitative definition for whether a signal was above the threshold
for cavitation, based on whether the backscattered signal was ‘much larger’ than expected
by the relationship between Spcpand Sk It is assumed that cavitation did not occur at the
lowest pressure values tested that a linear relationship for backscatter vs. focal pressure can
be established. At least 5 pressure levels starting at 1.3 MPa were measured where the
relationship was found to be linear as determined by step 3 in each sample, and no signals or
images suggested that cavitation occurred. The assumption of a linear extrapolation with
respect to Sgwas also verified in water at higher amplitudes by extracting the mean value of
Spcp for pulses where inertial cavitation was not detected by high-speed photography as
outlined above.

We have estimated the sensitivity of the method outlined in this section by producing
cavitation in a sample of distilled water artificially nucleated with 1 um PTFE particles in
high concentration. In this sample, cavitation could be detected with good accuracy down to
p-~5 MPa. It is important to note that this method is less sensitive than techniques using
detection of broadband emissions. However, as is demonstrated in the results, cavitation was
very rarely observed in the range of 5-15 MPa, thus it is expected inertial cavitation would
occur with even lower probability for p- <5 MPa. By the same experiment, the optical
technique was able to identify cavitation as low as p_ = 3.1 MPa, and the results gave good
agreement between the two detection techniques at greater pressure amplitudes.

The PCD signal also indicated violent bubble collapse from inertial cavitation based on a
secondary emission recorded at a later time than the backscatter signal (Figure 4). This
signal consisted of a short, positive pressure spike created by inertial collapse of the bubble.
This signal has been characterized in previous research using passive cavitation detectors or
hydrophones to measure the bubble collapse pressure (Bailey et al. 2005; Brujan and et al.
2005; Chitnis 2006). The collapse time could be characterized by the time difference
between the start of the backscatter signal and the collapse signals.

A single bubble cavitation model was implemented to evaluate the pressure threshold
response of cavitation nuclei related to the measured pressures at which cavitation was
observed. Since the primary focus of this study is the initial threshold behavior and
expansion phase of the bubble, a simple model was used which does not account for extreme
conditions under bubble collapse, although accounts for liquid compressibility. The Keller-
Miksis equation (Keller 1980), modified by Yang and Church to include elasticity (Yang
and Church 2005), was used to describe the radius-time behavior of cavitation bubbles in a
viscoelastic medium, given as

(1—5)RR'+ [1—5] ER2= (1+I—e) Pu(R, R, 1) t)+£8p_w,

c 3c)2 c Jol pc Ot

where R is bubble radius, the dot is a time derivative, cis the speed of sound in the medium,
and p is the medium density. p,, is the pressure at the bubble wall in the liquid, which
includes terms for the internal gas pressure in the bubble following adiabatic conditions, as
well as pressure due to surface tension, viscosity, elasticity, and acoustic pressure,

) 2y\(Rg 3« 2y 4G ;4 3 4T]R
R.O=|po-pvt=|(—) —Po—=—==(R*~Ro’)————pa(t).
Pw(R, R, 1) (Po Pv+R0)(R) P~ & ~3ga¢ o) Pa)- (4
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In Eq. 4, pyis the ambient pressure far from the bubble wall in the liquid, p, is the vapor
pressure in the bubble, ¥ is the surface tension of the liquid, Ry is the initial bubble radius at
time £=0, xis the polytropic index (ratio of specific heats), G is the shear modulus, 7 is
dynamic viscosity, and p(?) is the time-varying acoustic pressure applied to the bubble. To
numerically simulate the bubble response, the initial conditions for pressure were first found
by Eq. 4. Next, the bubble radius vs. time is found by Eq. 3 using a variable order solver
based on numerical differentiation formulas (ode15s, MATLAB, The MathWorks, Natick,
MA, USA).

A nonlinear pulse model with a Gaussian pulse envelope was used to simulate the pressure
waveform (Ayme and Carstensen 1989). This pressure pulse is given as

{2 o

where pris the fundamental pressure amplitude, w is the frequency, zis the initial phase of
the wave so p4(0) = 0, ¢ is a phase shift to create proper waveform asymmetry, & is the time
delay to the center of the pulse, and £ defines the pulse width. For the simulation at 1.1
MHz, w = 6.9 x 108 rad/s, z=1.25 n/w, ¢ = —m/4, 8 = 2.85 s, and £= 1.2 ps. The infinite
sum was truncated to /m = 100. This gave a pulse which closely approximated the shape and
ratio p./p- of the waveform displayed in Figure 3.

Palty=p; i [ sin(mw(t—7)+¢)

m

m=1

Cavitation probability in water

Cavitation bubbles were observed on high speed camera in an increasingly larger area with
pressure when a certain negative pressure was exceeded (Figure 4). The probability of
observing cavitation in the focal volume followed a sigmoid function, given by

ol o
g

P 1
(P—)—E
where erfis the error function, p;is the pressure at which the probability ~.,,=0.5. ois a
variable related to the width of the transition between £P,,,=0and ~P,,, = 1, with £ o giving
the difference in pressure from about ~,,,= 0.15 to P,,, = 0.85 for the fit. The values for p;
in distilled, degassed water were found to between p;= 26.9 MPa — 28.1 MPa, with 0= 0.8
— 1.7 MPa. Note that at lower amplitudes, cavitation was occasionally observed which
deviated from the curve function. The lowest peak negative pressure amplitude at which
cavitation was detected (o) in any of the 3 distilled water samples was 17.7 MPa. These
cavitation events were likely due to contamination of the sample by heterogeneities in the
liquid, which could not be entirely avoided throughout the experiment. In the experimental
data, cavitation was observed with P,,,= 1 for p- > =30 MPa. As P, approaches 1,
multiple cavitation bubbles were observed by high-speed photography each pulse within the
focal region. The bubbles’ diameters were consistent between pulses at the time point
captured by the camera.

The PCD detected a distinct signal in the presence of single or multiple cavitation events.
First, a multicycle burst with a center frequency near 1.1 MHz was detected with a time
delay corresponding to the time for the therapy pulse to travel from the transducer to the
focus to the PCD - between 100 — 110 ps from the time the test pulse was emitted. Between
10 — 100 ps after this burst signal was received, one or more short positive pressure spikes

Ultrasound Med Biol. Author manuscript; available in PMC 2014 March 01.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Maxwell et al.

Page 10

were observed on the PCD signal, indicating shocks emitted during bubble collapse (Brujan
et al. 2005). When no cavitation was observed on high-speed camera, the scattered signal
was small and collapse signals were absent (Figure 4). The accuracy of detection was
validated in the set of data for water. Figure 5 shows an example of the relative values of
Spcp Vs. pulse number for 100 pulses near the cavitation pressure threshold p;in degassed,
distilled water. Overall, the error rate was < 2% for a data set at one pressure level. These
errors in detection often occurred when a cavitation bubble outside the focus was present at
lower pressure levels.

Purity and gas concentration of the water sample had a small effect on the cavitation
threshold probability curve. In unfiltered tap water, which was only mildly degassed to 90%
O, concentration, p;varied from 26.0 — 26.4 MPa and o= 1.4 MPa for all 3 samples,
slightly lower than the mean value p;for distilled water with about 10% O, concentration.
Additionally, pp,, was 13.5 MPa, lower than distilled water.

Cavitation probability in different samples

A similar function of cavitation probability vs. pressure was observed in all water-based
media (Figure 6). Additionally, p;was similar in these materials. The fit curves for the
experimental cavitation probability data in tissue mimicking materials of 5% and 15%
gelatin in distilled water gave p;= 26.5-27.8 MPa and p;= 26.4-29.4 MPa respectively. One
difference between these samples was that the bubbles were generally smaller in size at the
time point captured by the camera for the 15% gelatin than the 5% gelatin or water (Figure
7). However, the region over which cavitation occurred in each sample was similar at
similar pressure levels. While the initial backscatter signal was detected in both samples,
bubble collapse shockwaves were undetectable in almost all signals in 15% gelatin, while at
a similar pressure level, they were observed every pulse in 5% gelatin and water.

A similar threshold was also observed in canine blood, clotted blood, and kidney. In these
materials, no images could be captured by the camera, but the same cavitation backscatter
signals and bubble collapse signals were observed in all three materials. Measurements in
blood and blood clot indicated p,= 26.5-27.6 and 26.7-26.9 MPa, respectively. Kidney
tissue was slightly higher with p;= 28.2-30.0 MPa. The value o was similar to those above,
as were the values pp,;, = 16.8 MPa for blood, 14.4 MPa for clot, and 16.1 MPa for kidney.

There was a larger variance in threshold for the three materials which were not primarily
water-based: 1,3 butanediol, olive oil, and canine visceral adipose tissue. The threshold in
butanediol (p;= 34.9 — 35.6) and olive oil (p;> 36) were greater than any of the water-based
samples. In olive oil, the curve could not be properly fit to a threshold because the
probability of cavitation was low even at the maximum pressure output from the transducer.
However, it is assumed that Papproaches 1 at pressures much greater than the range in this
study for both of these materials, similar to other media. Bubble activity was also suppressed
in butanediol and olive oil; cavitation bubbles appeared similar size to those in 15% gelatin
and cavitation collapse shockwaves were not visible on PCD signals. The threshold in
visceral adipose was significantly lower than in any of the above media, with p;= 13.7 -
16.9 MPa, and o=0.5-0.8.

Example probability curves for different materials are given in Figure 6, and a summary of
the results of all samples is given as Table 2. The fit curves were analyzed statistically to
determine if the difference in the values p;were significantly different from each other. The
standard errors for the parameters p;were estimated by a covariance matrix using the delta
method (Hosmer and Lemeshow 1992). The curves were compared using a two-sample t-

. . t|pu—pn, VSEI>+SE)? , :
test with statistic (P n-pe Sk )ata95% confidence interval. Note that the
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standard error does not include the uncertainty in absolute pressure from the hydrophone
measurement, only the uncertainty in the fit, because the values p,are relative. In general,
the standard errors in the estimate of p,were small (~0.1 — 0.2 MPa) compared to the
variance between samples of the same type. With the exception of clot, a pair of samples
existed within one sample type with a statistically-significant difference (p-value < 0.05).
Additionally, there existed at least one pair between any two sample types with a significant
difference. Thus, although p;values were similar in many cases, there appeared small but
measureable differences between these samples.

Simulated Bubble Behavior

The threshold in water was used to determine the radius of a model bubble nucleus which
has a pressure threshold for inertial cavitation p, Simulating a single spherical gas nucleus
in water, the bubble radius and peak negative pressure of the applied pulse were varied to
evaluate the bubble response. Bubbles expansion was minimal (R, < 2 Ry) below a certain
value for p_, while above this value, large bubble growth and collapse were observed (Rax
> 10% Ry). The peak negative pressure corresponding to this transition was defined as the
threshold for inertial cavitation. To achieve this threshold near p_ = 28.1 MPa (similar to
water-based samples), the necessary initial bubble radius was ~2.5 nm. The threshold was
very distinct in water; a change in the applied p_ of 1 kPa caused a change in R,z from 4.2
nm to 30 wm (Figure 8). This characteristic is not observed for micron-sized nuclei in
response to ultrasound pulses, which undergo a less well-defined transition period between
small linear oscillation and large inertia-dominated bubble growth and collapse (Leighton
1994).

The nuclei in this situation are much smaller than the corresponding resonant diameter for a
1.1 MHz wave. Because of the small size of the nucleus in water, the cavitation threshold
was nearly independent of frequency in the range of interest for ultrasound therapy (28.1
MPa at 0.1 MHz vs. 28.4 MPa at 10 MHz). The pressure threshold for bubbles this size is
strongly dominated by surface tension of the medium in the simulation. Despite the
differences in measured surface tension of the tissues and tissue phantoms from pure water,
their p;values were similar, suggesting possibly either the radius of the model nucleus
should be considered different between them, or the surface tension on the nanometer scale
may be similar to water. Butanediol, which does not contain water, has a surface tension is
37 mN/m and the viscosity is 97 mPa-s. The bubble radius that fits the threshold of 35.6
MPais 1.1 nm.

Other mechanical properties had a minimal effect of the threshold at 1.1 MHz. However,
increasing viscosity created a stronger frequency-dependency for the threshold (Figure 9), a
trend similar to that shown by Allen et al (1997). At 0.1 MHz, the threshold is 28.1-28.3
MPa for i = 0.001-0.1 Pa-s. Increased viscosity produced smaller values of R, but did
not change the threshold significantly. Change in the elasticity in the range G =0 - 100 kPa
(the range for soft tissues) also did not significantly affect the threshold (Figure 9), nor the
maximum radius of the bubble. These data from the model support photographic
observations in the gelatin phantoms which suggested that the threshold does not change
significantly due to these properties, although the growth and dynamic behavior of bubbles
was suppressed.

Superthreshold cavitation behavior

When the applied pressure amplitude was near p;, single cavitation bubbles appeared
primarily in a region at the center of the focal zone. When the focal pressure was
significantly in excess of p, multiple cavitation bubbles occupied a region similar in shape
to the focal zone each pulse. By integrating the 100 binary images of the cavitation observed
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by the camera at a given pressure level, the total region within the frame where cavitation
was observed could be analyzed. This provides some indication for histotripsy of the region
over which cavitation damage would be expected to occur (Maxwell et al. 2010b). Figure 10
shows the integrated cavitation maps for water and 15% gelatin. Note that the extent of the
bubble locations is similar at the same p_, but the extent of the total cavitated region is
smaller because of the suppressed bubble expansion in gelatin.

Assuming one has accurate knowledge of the peak pressure focal distribution, cavitation
probability vs. pressure, and the cavitation dynamics, it may be possible to predict the extent
of cavitation as a result of a finite number of ultrasound pulses with a given p_. First, the
peak negative pressure vs. position can be mapped for a transducer from hydrophone
measurements. Although the focusing is altered for a pulse which is distorted by nonlinear
propagation, the beam profile for the peak negative pressure is similar to that in a linear
simulation (Canney et al. 2008). Next, the peak radius of a bubble vs. pressure can be
determined by a simulation similar to that described above. Finally, the curves given in
Figure 6 can be used to determine the probability of cavitation Ax,2) as a function of
pressure level p_ (x,2). Due to the finite size of the area tested in the experiments above,
however, the probabilities recorded are for the entire focal zone. Thus, Zmust be normalized
to the volume of the focal zone. A Monte-Carlo-type simulation may then performed, where
the probability P(x,z)is compared with a random value between 0 and 1 at each spatial point
for each pulse. Cavitation then occurs at point x,z for pulse »if the probability value is
greater than a random number between 0 and 1 (i.e. Ppom (X, 2) > rand (x, 2)). This
simulation then predicts the cavitation field for each pulse. is Prnorm obtained by multiplying
Pby a coefficient, determined by matching the simulation to the experiment such that the
probability of cavitation occurring anywhere in the field of the simulation for 1 pulse is ~0.5
when p_ = p, Figure 11 shows an example of the total cavitated region from the simulation
for different peak negative pressures, as well as the corresponding experimentally observed
cavitated regions. Figure 12 gives the measured axial and lateral dimensions of the cavitated
regions from simulation vs. p_. Good agreement is seen for the axial dimension, although
the transverse dimension was somewhat smaller for simulation than in the experiment for
high pressure amplitudes.

Discussion

In this study, we measured the peak negative pressure necessary to consistently achieve
inertial cavitation in response to a single, microsecond-length pulse in multiple tissues and
tissue-mimicking media. A similar pressure threshold has been observed specifically in
water in several past investigations by other groups applying quasi-static tension (Briggs
1950), high-amplitude shock waves (Wurster et al. 1995; Sankin and Teslenko 2003) or
acoustic pulses (Herbert et al. 2006), and the pressure values reported (24 — 33 MPa) are
among the greatest measured for cavitation thresholds in water, with the exception of work
in quartz inclusions (Zheng Q et al. 1991). Perhaps the most thorough work on this has been
reported by Herbert et al (2006), who used a similar acoustic method to apply 1 MHz 4-
cycle pulses to a purified water sample. The authors found a peak negative pressure
threshold near 25 MPa, although the reported values vary slightly for different methods of
pressure measurement between 24 — 28 MPa at 20°C (Herbert et al. 2006; Arvengas et al.
2011). The cavitation probability followed an asymmetric sigmoid curve trend with similar
width to our measurements. Their results also indicated that the statistical threshold was
independent of the purity to some degree by introducing particles into the water sample.
While cavitation was occasionally observed at lower pressures, the higher probabilities (P,
> 0.1) were not observed until p- > 20 MPa. Measurements recorded for the present study
indicated only a minor variation in threshold between water samples (0 ;ean = 27.4 vs. 26.2
MPa), also in agreement with the data reported by Herbert et al.
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This threshold was similar in all materials which were primarily water-based (water, gelatin,
blood, clot, and kidney), despite the variety of other species within these samples. Less data
is available regarding cavitation in such tissues compared with water. However, recent
measurements have detected broadband noise indicative of inertial cavitation in ex-vivo
liver near p_- = 2 MPa under 4 second continuous exposures (McLaughlan et al. 2010).
While we did not measure cavitation at such low values, this is likely due to the limited
statistics collected in our study and much shorter exposure duration. We applied only ~200
cycles per pressure level per sample, while the values in MacLaughlan et al. are the lowest
pressure amplitude at which cavitation was detected over several million acoustics cycles.
Additional effects, such as heating and rectified diffusion can become prominent over such
exposures and may alter the medium or nuclei population. While it is likely cavitation
occurs at such low pressures, the probability of its detection during a single short pulse may
be very low, given that we did not observe cavitation until p_= 9.8 MPa with 100 pulses in
any of the samples. Gateau et al (2011) have also recently explored cavitation probability in
sheep’s brain /n-vivo, using focused 2-cycle 660kHz pulses similar to those employed in our
study. The authors applied a pulse train with p_ as great as 22.4 MPa, and determined the
probability for cavitation formed at the focal position in the brain. The lowest pressure
amplitude at which cavitation was detected in over 120 positions was p- = 12.7 MPa, close
to the minimum values in our study. Interestingly, the authors found that cavitation was
detected with a probability near 1 after 25 pulses were applied at p- = 22.4 MPa. It is
possible that the larger volume of the focus, lower frequency, or faster pulse repetition in
this study required a lower pressure amplitude to achieve cavitation with greater probability.
We intend to explore such variables in future work.

In the present work, no discernible trend was found between water content and threshold or
other bulk properties of the media such as viscosity, elasticity, surface tension, or acoustic
impedance. The water content of most samples ranged from ~65% — 100% based on
literature (Forbes et al. 1953; Keitel et al. 1955; Kiricuta and Simpleceanu 1975). While the
macroscopic properties of these samples vary significantly, these values may not be relevant
for cavitation nuclei at the nanometer scale. In the nanoscopic range, tissues are an
extremely diverse combination of molecules and almost certainly vary from position to
position within the structure. Unfortunately, it was not possible to discern in this study
whether cavitation was preferentially located within specific cellular or structural regions of
tissue. There was, however, some difference in p;between the sample types. Differences in
acoustic attenuation and reflection may have contributed to unequal pressure levels at the
focus for a given applied voltage to the transducer. Based on literature values, the maximum
attenuation was no more than 0.5 dB in any tissue sample. The maximum difference in
acoustic impedance with water gives a reflection coefficient at the water/sample interface of
< 0.06. Both of these effects were taken into account in the focal pressure estimation, thus
the error in pressure estimation because of acoustic mismatch and attenuation is likely small.
Possibly, the threshold differences may have occurred because of the necessarily different
preparation methods of the samples, which resulted in unequal gas concentration. Despite
this minor variation, the presence of water appeared to be the strongest predictor of the
cavitation threshold.

Materials which were not primarily water-based had much greater discrepancy in p;
compared with those described above. Butanediol is a hydroscopic liquid with similar
acoustic properties to water, but a higher viscosity. This material has been proposed as a
potential tissue mimicking material for ultrasound studies (Granz 1994). The higher
threshold in this material and the similarity of acoustic properties to water allowed us to
record pressure measurements with p- > 30 MPa, a technique which was validated by
comparison with measurements in water at lower pressure levels. Canine visceral adipose
tissue was found to have a p;~ 15 MPa. Triglycerides constitute about 80% of adipose tissue

Ultrasound Med Biol. Author manuscript; available in PMC 2014 March 01.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Maxwell et al.

Page 14

(composed of ~47% oleic acid, 24% palmitic acid, 15% linoleic acid, 14% others) and about
20% water (Forbes et al. 1953; Malcom et al. 1989). While this result suggested that perhaps
these substances contain a lower cavitation threshold, olive oil which is nearly 100%
triglycerides (composed of ~70% oleic acid, 13% palmitic acid, 10% linoleic acid, and 7%
others) had a considerably higher threshold than either water or fat. It is likely that the lipid/
water interfaces are in fact the weak points in the structure due to the low interfacial tension.
For instance, the surface tension at an olive oil/water interface is 23.6 mN/m, lower than
either of the two constituents (Fisher et al. 1985). Couzens and Trevena (Couzens and
Trevena 1974) noted in a previous study involving oil/water interfaces that the cavitation
threshold was lower at the interface than in either of the bulk media. Similarly, we suspect
that adipose tissue is more susceptible to cavitation because of its inhomogeneous emulsion
of lipids and water. Although not reported in the results, we have also tested canine skeletal
muscle using the same methods described in this paper. The cavitation probability was
highly dependent on the focal position of the tissue, likely because of the intramuscular fat
throughout the structure. However, the pressure range for cavitation was bracketed by those
for adipose tissue and water.

Numerical simulation of the bubble dynamics suggested that a model bubble nucleus of 2.5
nm would have a pressure threshold of ~28.2 MPa in water. For nuclei in this size range,
surface tension is the dominant force controlling the threshold by the Laplace pressure. In
this respect, it is similar to the Blake threshold (Leighton 1994). In the frequency range of
interest for therapy (0.1 — 10 MHz), the threshold was nearly independent of frequency for
elasticities and viscosities reported for tissues (Wells and Merrill 1962; Diamond 1999;
Kodama and Tomita 2000; Nasseri et al. 2002; Samani et al. 2003; Geerligs et al. 2008),
although a greater dependence on viscosity was predicted for higher frequencies. Note that
while the threshold of an individual nucleus may not be a strong function of frequency, the
probability of cavitation also depends on the number of nuclei within the focal volume. As
such, if an equivalent transducer with a higher frequency were applied, one would expect an
increase in the predicted pressure threshold due to the smaller volume of the focus. This is
supported by data from Arvengas et al. (2011), who compared the cavitation statistics for 1
and 2 MHz transducers in distilled water and found an incremental increase in threshold at 2
MHz by a factor of ~1.3. Additionally, the true nuclei population in water appears to be a
distribution of radii < 2.5 nm rather than a single value with a set threshold. This is evident
by the significantly greater number of cavitation bubbles activated in Figure 1 compared to
Figure 7 within a volume. Theoretically, shock scattering can produce tensile pressure as
great as the peak-peak values of the incident wave, which in the case shown in Figure 1
gives p_ > 100 MPa. It appears that a greater negative pressure excursion will activate
additional smaller nuclei coexisting with those which cavitate near p;

In histotripsy, it is known that specific tissues are more resistant to cavitation and
mechanical tissue damage (Cooper et al. 2004). Rather than their intrinsic threshold for
cavitation being different however, the results here suggest that bubble expansion is
suppressed. As shown in Figure 10, cavitation in the gelatin with higher concentration had a
similar threshold to water, but the individual bubbles presumably did not grow to as large of
radii as those in water. Thus, while the macroscopic properties appeared to have minimal
effect on the threshold, they did alter the bubble behavior. Not only might this reduced
activity result in minimal tissue damage directly, but it may also suppress the shock-
scattering mechanism of forming cavitation clouds. Smaller bubbles will not cause sufficient
scattering to initiate this action, and no cavitation cloud would be formed in the tissue.
However, as suggested by Freund (2008), cavitation dynamics may change over several
thousand acoustic pulses as cyclic growth and collapse of the same cavitation bubbles
damage the surrounding tissue, reducing the local effective viscosity and elasticity of the
tissue and progressing mechanical tissue damage.
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With knowledge of the cavitation dynamics, the pressure thresholds, and the beam pressure
profiles for the transducer, it may be possible to create a more predictive mechanical
ultrasound therapy with cavitation. It is difficult to determine the location of heterogeneous
nuclei before treatment, and this can lead to clouds forming in distinct locations along the
propagation axis of the focal zone while other locations remain completely uncavitated in
histotripsy (Maxwell et al. 2011). In contrast, the 2-cycle pulse used in this study appeared
to generate cavitation more uniformly within the focal zone. Furthermore, the location and
extent of the cavitation observed on high speed camera was in good agreement with a
stochastic model of this cavitation activity based on the experimental pressure thresholds. A
more sophisticated estimate of the number of nucleation sites per unit volume or the full
nuclei distribution would significantly enhance such a model, as would a more thorough
coupling of bubble dynamics simulation with pressure waveforms spatially. While cavitation
has often been regarded as unpredictable in ultrasound therapy, this short-pulse strategy
could create a controllable modality, assuming such cavitation can cause the necessary
mechanical tissue ablation efficiently.

Conclusions

In this study, the probability of inertial cavitation occurring during a single, 2 cycle, 1.1
MHz focused ultrasound pulse was measured in several media relevant to focused
ultrasound therapy. Cavitation was formed with high probability near p_ = 27 MPa in water.
All tested media which were primarily water-based in the study had a probability for
cavitation similar to that for water. Media which were not primarily water had significantly
different thresholds from water-based samples, between ~15 MPa for adipose tissue to > 36
MPa for olive oil. According to the experiments and a numerical model for cavitation, bulk
tissue viscosity and elasticity did not significantly alter this threshold for cavitation, but did
change bubble growth and collapse dynamics. Detailed measurement of cavitation
probabilities, the corresponding nuclei, and the dynamic bubble behavior may allow
prediction of the cavitation spatial field in response to short acoustic pulses. Such a
simulation may be useful in predicting tissue damage in histotripsy ultrasound therapy.
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Figure 1.

High-speed photograph sequence showing the formation of a cavitation cloud as a result of
shocks scattering from bubbles in water. Ultrasound propagation is from left to right. A 750
kHz transducer was used to apply a single pulse with a peak negative pressure of ~20 MPa.
A single cavitation bubble is visible at the focal center at t = 0.44 ps. After a focused shock
in a subsequent cycle of the pulse impinges on the bubble, the shock front scatters (black
arrow at 1.32 ps). This rarefaction wave interferes with the incident tensile portion of the
wave, causing several cavitation bubbles to appear. The process repeats as the following
shock impinges and another section is generated between t = 1.98 ps and 2.64 ps.
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Figure 2.

Digital solid model cross-section (left) and photograph (right) of the sample chamber used to
contain materials during experiments. A large acoustic window is present in the front and a
small window in the back to allow ultrasound transmission to the medium with minimal
reflection. Two optical windows are positioned for backlit photography of cavitation.
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Figure 3.

Focal waveforms at p- = —21.5 MPa (top) and peak negative pressure vs. transducer voltage
(bottom) for the two measurement techniques used to measure large tensile pressures as well
as focal measurements in water. Waveforms with the three measurements appeared nearly
identical in peak negative pressure value, although the peak positive pressure was slightly
reduced for the two experimental techniques. The error in peak negative pressure between
measurement technigques was no greater than 15% for any pressure value, and the maximum
error between the three polynomial curve fits is 11%.
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Figure4.

Sample PCD temporal signals (left), corresponding windowed and normalized frequency
domain amplitude spectra (center), and corresponding camera photographs (right) of
cavitation at the transducer focus. The PCD signals show an initial burst near the therapy
frequency due to backscatter from the cavitation bubbles, as well as one or more short
positive spikes — shockwaves from cavitation collapse. A small signal around 30 ps is
caused by a reflection of the therapy pulse from the back membrane of the housing, and is
windowed out of the signal when evaluating cavitation with the PCD. Ultrasound
propagation in the photographs is from right to left.
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Figureb5.

Integrated power spectrum (Spcp) for the signal in distilled water vs. pulse number for 100
pulses. The peak negative pressure for this data set was p- = 28.6 MPa - near the 50%
threshold for cavitation. A bimodal distribution of values is evident, with the lower, more
consistent values indicating absence of cavitation, and the larger, more variable values
indicating the presence of one or more bubbles.
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Example probability data and fit curves for each sample type tested. Each data point is the
fraction of 100 pulses where cavitation was detected. Curves were fit by nonlinear least-
squares regression to each data set.
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Figure7.

Example PCD signals (left) and corresponding high-speed photographs (right) of cavitation
in distilled water and gelatin at 5 and 15% concentrations. The black arrows indicate bubble
collapse shockwave signals received by the PCD. Note that the diameters of the bubbles in
15% gelatin are significantly reduced compared with the other two samples, although the
cavitation is observed over the same volume within the focus. Ultrasound propagation in

these images is from right to left.
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Figure8.

Simulated maximum bubble radius achieved in response to a 2-cycle pulse vs. peak negative
pressure of the pulse for a 2.5 nm initial radius. A nucleus of this size has a distinct
threshold for inertial cavitation, in this case near p_ = 28.2 MPa.
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Simulated cavitation threshold pressure for a 2.5-nm radius bubble vs. viscosity (top) and
elasticity (bottom) for 2-cycle pulses with center frequencies of 0.1, 1.1, and 10 MHz.
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Figure 10.

Integrated images of the locations where cavitation occurred over 100 pulses, shown in
white for two materials with similar thresholds. Over several pulses, the positions of
cavitation add to generate a pattern similar to the focal zone of the transducer. Ultrasound
propagation in these images is from right to left.
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Figure11.

(Left) Integrated 2D cavitation map for n = 100 pulses resulting from a Monte-Carlo
simulation using the probability curve, pressure map, and peak bubble radius for different
peak negative pressures in unfiltered water (p- = 26.4 MPa, o= 1.3 MPa). (Right) Binary
image of the experimentally observed cavitation by high speed camera, integrated over n =
100 pulses for the same focal pressure levels in unfiltered water.
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Figure12.

Dimensions of the cavitation regions vs. peak negative pressure for simulation and
experiment in unfiltered water. (Top) Axial dimension of the cavitation zone (excluding
bubbles outside the focus for experimental measurements). (Bottom) Measured and
simulated transverse dimension of the cavitation region at the focus.

Ultrasound Med Biol. Author manuscript; available in PMC 2014 March 01.



Page 31

Maxwell et al.

‘sninpowl (s,6unoA) o1se|s = pue ‘uoisus) adepns = A ‘AlS0dsIA dlweuAp = b ‘ZHIN T @ uonenusie = o ‘paads punos =2 ‘Alisusp= d :s|oquIAS

)/

(6002 "[e 30 Agaal L ‘86T UsadeH) 10 81O ‘(9002 Ja1ABYD ‘€00z Alises pue 861089) |o1paueing ‘(800 ‘[e 10 SBI339 ‘€002 *[e 19 IUBWeS ‘000z 1SBIN) @nssiL 8sodipy (2002
"[e 18 LI3SSEN ‘0002 ISBIAl ‘0007 BNWOL pue ewepoy) Asupiy (666T puowelq) 1010 ‘(L00Z [ BUISOY ‘000Z ISeIN ‘Z96T |IHISIA PUe S|13M) Poolg “(966T ‘18 19 10d T66T ‘I8 18 IM0IIH) Ule|8D $30ualayey

- 9 8 z0 ovvT 16 [leX=1\1To]
- L€ 16 T0 2zsT 0007 [olpeueing €T
67T - ra G0 8LYT 056 anss| | ssodipy
LS - 0g 0T 095T 050T anss| 1 Aaupiy
0T-T0 09 € z0 85T 090T 100 poo|g
- 09 g z0 83T 0907 poo|g
09€ o - 10 058T 0T %GT UlleRO
S o z T0 S0ST STOT %G UlleRo
- zL T 22000 v8rT 866 BERM
()3  (w-Nw)4  (eduw)l  (wogp)p  (Sw)o (/b d erern

T alqel

NIH-PA Author Manuscript

NIH-PA Author Manuscript

*21NJRJaI| Ul SaNSSI] P1jOS 104 B1ep UoISua)
8081INS 10 une|ah 94GT 104 1ep ANSOOSIA pUILL 01 8]GR 10U 81M A “2NJRJANI| WOAJ UaXe]l ‘ZH A T 18 e1pauw 1sa) Jo saiuadoud [ealueyosu pue 21snooy

NIH-PA Author Manuscript

Ultrasound Med Biol. Author manuscript; available in PMC 2014 March 01.



Page 32

Maxwell et al.

zee - 9e< 9e<  98<  9e< 10 3AIIO

6.2 97T 4 7S 6¥E  9GE [o1psueINg €'T

8'6 90 a1 L€l 69T 96T anss| | asodIpy
79T TT 7'6C 78 662 O anssiL ASupiy
iad z1 8'92 89z 69z L9 1010 poojg

891 €T 6'92 9z L9792 pooig

96T 80 82 1A A A TAN 4 (%sT) uirepo
A €T €2 Ll 8l §9 (%g) urepo
GeT v 9z 9z 79z 9z (PO %06 HBuUN) BrRM
LT €T v'Le vie 69z T8 (O %0T 'sIQ) Prem
uwg  (Ueew) o (uesw)d (g)d (@) (1) [elore N

"Ajigegold ybiy yum uonenined asned o] spnijduwe ainssaid ybnous abe| syesusb 10U piNo9 Jadnpsue.l ayl 82UIS paulwidlap
30 10U PINOI |10 SAIJO UI P|OYSaJy] UOIIRIIARD 3Y] "BdIN Ul ainssald aJe sanfen ||V “¥d ‘adA1 ajdwres syl ul pa12alap Sem UOIRIIARD UYIIYM 1B [9A3] ainssald
wnwiuiw ayl pue ‘s pue’d 1oy senjea ueaw ay) ‘sajdwies ay Jo yaea 10) G'0 = ¥4 18S aAINd 11J e ydiym 1e’d ainssaid annebau yead ayp Joj senjeA

¢?olqel

NIH-PA Author Manuscript NIH-PA Author Manuscript NIH-PA Author Manuscript

Ultrasound Med Biol. Author manuscript; available in PMC 2014 March 01.




