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ABSTRACT
The double passive cavitation detection (DPCD) technique was implemented
experimentally to characterize the response of single ultrasound contrast agents.
Ultrasound contrast agents (UCAs) are microbubbles, typically ranging from 1 to 10 µm
in diameter, which consisting of a gas core and thin surrounding shell. The UCAs were
categorized as ruptured or non-ruptured according to a classification scheme based on the
presence or absence of postexcitation signals (PES), secondary broadband spikes which
follow the principle response of the UCA and were associated with the rebound and recollapse of a compromised microbubble. Experiments were conducted across a range of
insonifying frequencies (0.95, 2.8, 4.6, 7.1 MHz) and peak rarefactional pressures (200
kPa to 6.2 MPa) using the commercially available UCA Definity® (Lantheus Medical
Imaging, N. Billerica, MA). Results were fitted using logistic regression analysis to
define pressure thresholds of 5%, 50%, and 95% collapsed bubbles for each frequency.
Simulations using the Marmottant model for thin-shelled microbubble dynamics were run
to compare experimental results with inertial cavitation thresholds.
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1.1

INTRODUCTION
The Purpose of this Thesis
The determination of accurate collapse thresholds of ultrasound contrast agents

(UCAs) holds the potential not only for increased understanding related to biosafety
concerns, but also for improved theoretical modeling and elucidation of physical
mechanisms for bioeffects resulting from functional usage of UCAs.
With the determination of UCA collapse thresholds as the goal, this research
seeks to implement a double passive cavitation detector (DPCD) for improved quality of
data collection and analysis over previous iterations. This thesis will begin with a series
of basic introductions on ultrasound contrast agents and bubble dynamics, followed by a
brief review of relevant literature on previous study of bubble cavitation thresholds and
UCA collapse thresholds.
The next section of the thesis will describe the experimental procedure for
implementation of the double passive cavitation detector, isolating single microbubbles,
and the classification schema used to interpret the received data. This section will also
include a description of the method of statistical analysis used to analyze the
experimental data. Finally, the application of a simple bubble dynamic model for
numerical simulations will be introduced here for comparison with the experimental
results.
Following this section, results from the DPCD experiments and the simulations
will be presented. The final section will include discussion of the conclusions which can
be drawn from this work, including validity of the results as well as strengths and
weaknesses of the DPCD method.
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1.2

Ultrasound Contrast Agents
Ultrasound contrast agents (UCAs) are microbubbles, typically ranging in

diameter from 1 to 10 µm. They consist of a gaseous core and a shell which acts as a
stabilizing interfacial boundary between the gas inside and the fluid outside [Figure 1.1].
The first discovery using air microbubbles for increased contrast in ultrasonic imaging of
the bloodstream was by Gramiak and Shah in 1968 [23], but the lack of stability of the
bubbles at the necessarily small size limited the effectiveness of this approach. By the
early 1980s, it was shown that thin coatings of such materials as gelatin could greatly
increase the lifespan of small gaseous bubbles [7] and UCAs were approved for medical
use, first in Germany in the early 1980s and later in the United States in the 1990s.
The earliest UCAs were filled with air and typically stabilized by albumin-based
shells. More recently, it was recognized that using heavy, less diffuse gases increased the
lifespan of the contrast agents. Later generations of microbubbles have been introduced
with lipid-based shells which are thinner and exhibit less stiffness than albumin based
shells. The two FDA-approved contrast agents for use in the United States are OptisonTM
(Mallinckrodt Inc., St. Louis, MO) and Definity® (Lantheus Medical Imaging, N.
Billerica, MA).

Figure 1.1: Basic structure of UCAs.
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1.3

Functional usage of UCAs
While the primary clinical usage of ultrasound contrast agents today remains their

enhancement of imaging in diagnostic ultrasound, much of the focus of recent research
has shifted to the potential use of UCAs in therapeutic ultrasound. Among other
procedures, experimental studies have shown that use of UCAs in conjunction with
ultrasound enhances thrombolysis [15] and sonoporation across cellular membranes [20].
While UCAs have been shown to be successful in increasing the effectiveness of
such therapies, the precise physical mechanisms leading to these bioeffects remain
insufficiently explained. In response to the ultrasonic pressure wave, UCAs may undergo
a wide range of dynamic responses ranging from linear oscillation to transient inertial
collapse and fragmentation. The bubble response leads in turn to the generation of a
variety of fluidic behaviors including streaming, jetting, and shock waves. Thus,
improved knowledge of microbubble response, particularly at large amplitudes, is
important for understanding the physical mechanisms in the therapeutic use of UCAs.
1.4

Bubble Dynamics
Ultrasound contrast agents respond dynamically to the presence of an ultrasonic

pressure wave by expanding and contracting in conjunction with the rarefactional and
compressional phases, respectively. As the size of the UCA microbubble is well below
the wavelength of typical ultrasonic frequencies used, the time varying pressure field is
usually considered to be spatially uniform.
The forced behavior of a bubble in general can be considered most
straightforwardly as a damped nonlinear oscillator [30]. One widely used model,
considering a spherically symmetric free gas bubble—a bubble without a shell—in an
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incompressible viscous Newtonian liquid, is called the RPNNP model after the five
primary contributors (Rayleigh, Plesset, Noltingk, Neppiras, and Poritsky) [29], and is
given by
3κ
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3Rɺ 2 1 
2σ
2σ 4 µ Rɺ
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−
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RR +
ρ 
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 R 


(1.1)

where R = R(t) is the time varying radius, R0 is the initial radius, ρ is the density of the
liquid, p0 is the ambient pressure, p(t) is the time varying pressure, σ is the surface
tension of the liquid, pv is the liquid vapor pressure, and µ is the shear viscosity of the
liquid. This model, and other variations of it, have been shown to be successful at
elucidating characteristics of free bubble behavior even in the extreme cases where the
model’s assumptions are no longer strictly valid, such as during single bubble
sonoluminescence [26].
At small amplitudes, the bubble oscillation is linear. At larger amplitudes, the
oscillation becomes nonlinear, and when the amplitude becomes great enough, the
microbubble may collapse upon itself. During the collapse, temperatures and pressures
become extremely high in the interior of the bubble and shock waves may be emitted [6].
The presence of the shell in UCAs complicates theoretical treatments by acting as
an additional damping force on the expansion and contraction of the free gas bubble [16].
The debate over how to best characterize the material properties of the shell has led to
numerous models for UCA dynamics, as will be discussed further in Section 2.7.
Due to the plethora of terminology to describe the variety of large amplitude
behavior of both free and shelled bubbles, and inconsistency in its usage throughout the
literature, a table of terms as they will be used in this thesis is presented in Table 1.
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Term
Inertial Cavitation
(IC)
Stable IC
Transient IC
Fragmentation
Shell Rupture
Collapse
Principle response
Postexcitation
(PES)

Definition as used in this thesis
Refers to bubble whose contraction phase is dominated by inertial
forces; typically defined in terms of radial expansion
Refers to bubble undergoing IC which remains intact over multiple
cycles
Refers to bubble undergoing violent IC which fragments and
disappears
Refers to the breaking apart of gas bubble or shell of UCAs
Refers to the compromising of shell of UCAs such that gas is
ejected
Refers (1) to transient IC for free bubbles and (2) to shell rupture
for UCAs
Refers to the initial reaction of UCAs due to ultrasound
Refers to a spike in acoustic signal from UCA following principle
response; associated with shell rupture

Table 1: Definitions of terms describing large amplitude behavior of bubbles and UCAs.

1.5

Transient Cavitation for Free Bubbles
In his 1975 papers [17] and [18], Flynn examined dissipative and inertial effects

for his model of a collapsing free bubble. First, by comparing the ratio of energy
dissipated by a cycle of the bubble oscillation to the mechanical work done on the bubble
cavity during the contraction phase (an energy dissipation modulus), he determined that
this ratio always reached a maximum value when Rmax was in the range of 2 to 3, where

Rmax =

Maximum( R (t ))
.
R0

(1.2)

Thus, above this transition value, decreasing amounts of energy were dissipated by the
bubble despite increasing amounts of energy being supplied it.
Second, he noted that after decomposing the equation of motion into inertial terms
and pressure terms, the inertial terms will dominate the collapse phase for an expansion
greater than a critical Rmax, found to be in the range of 1.9 to 2.3 for the initial radii he
studied. Flynn then showed that for bubbles with an initial radius R0 less than 5 µm, the
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collapse phase is dominated by dissipative effects, while for bubbles larger than 5 µm,
the collapse is dominated by inertial forces. He therefore hypothesized that transient
cavitation occurs when Rmax exceeds both the dissipative and inertial thresholds whereas
stable cavitation exists below them.
A different criterion for collapse was proposed by Apfel [2], who suggested that
the wall of the bubble must reach supersonic collapse speed in order to undergo transient
cavitation. This threshold is reached upon radial expansion of Rmax ~ 2.3. Still another
condition was proposed by Holland and Apfel [27], in which they hypothesized that the
maximum temperature of the gas inside the collapsing cavity must reach 5000 K
(although they note insensitivity to the value of this parameter and state that 1000 – 5000
K is likely a good estimate). They also relate maximum temperature to Rmax in order to
compare results with other models and find that a temperature of 960 K corresponds to
Rmax = 2.
Due in part to the complexity of applying these different criteria for transient
cavitation, another definition of transient cavitation for the free bubble is simply that the
ratio Rmax must exceed 2 [19], [30].
1.6

Mechanical Index
In 1991, Apfel and Holland [3] applied their definition of cavitation to acoustic

conditions encountered in diagnostic ultrasound: short pulse (< 10 cycles) and low duty
cycle (< 1:100). They derived an index of intensity proportional to the mechanical work
done on a bubble,

I=

PRP 2 [MPa]
.
f [MHz]
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(1.3)

where the peak rarefactional pressure (PRP) is given in MPa and the frequency (f) is
given in MHz.
The mechanical index (MI) was introduced as a result of that work. The MI is
widely used as a guide for judging the likelihood for cavitation activity in ultrasound and
is defined as
MI =

PRP [MPa]
f [MHz]

.

(1.4)

Apfel and Holland proposed that the potential for cavitation was unlikely under 0.7 under
the mechanical index. Levels above 0.8 are considered high MI, and the FDA regulatory
limit is 1.9 [33].
1.7

UCA Collapse Studies
Many methods have been proposed to determine the collapse thresholds of UCAs

based on experimental observation. The two general categories of experimental methods,
optic and acoustic, each have strengths and weaknesses. The following is not intended to
be a comprehensive list of UCA destruction threshold studies, but is included to
demonstrate the variety of approaches to explore collapse.
The primary strength of good optical studies is the ability to determine the initial
radius of the UCA and the nature of its oscillation and collapse. Visual experiments leave
little doubt as to the presence and disappearance of a microbubble.
Chomas et al. [12], using a streak imaging based imaging approach, found
fragmentation for a phospholipid-based UCA when the relative expansion reached three
times the initial radius. For their single sinusoid pulse at 2.25 MHz, 800 kPa peak
negative pressure, this corresponded to microbubbles with an initial radius smaller than
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2.5 µm. They also found increased likelihood of fragmentation for decreased frequency,
increased pressure amplitude, and increased pulse duration.
Bouakaz et al. [5], using a high speed camera, observed the release of gas from
double-walled, albumin based UCAs, which escapes as a transient free bubble. They
reported destruction of microbubbles greater than 5 µm at a mechanical index as low as
0.3, while destruction of smaller microbubbles occurred above MI = 0.6 for 10 cycle
pulses at 1.7 MHz. Using the same setup, Postema et al. [36] observed similar behavior
for experiments with single-walled albumin shelled UCAs.
While there is greater difficulty in interpretation of signals for acoustic methods,
they also have appealing qualities. One of strengths is the widespread dissemination of
the technology to make the measurements and thus, the potential to be practical in a
wider variety of situations than optical methods. Another advantage is greater temporal
resolution. One of the fastest high speed cameras currently in use, the Brandaris 128, has
an imaging frequency of up to 25 MHz but only over a time span of 128 frames [10],
while an acoustic experiment can easily acquire data at 100 MHz or higher for relatively
long periods of time.
Shi et al. [38] used active cavitation detection to investigate the destruction of
single lipid shelled UCAs. They found damage using 2.5 MHz, 2 to 16 cycle pulses at a
MI ranging from 0.4 to 1.0. By loosely defining IC as a qualitatively different signal that
disappears after a single tone burst, they determined that IC occurs above a MI of 1.0.
Church and Carstensen [14] commented that this data indicated stable IC was occurring
even at the lower MI values since the microbubbles were expanding to more than twice
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their initial size, and that the experiment was consistent with an observation of both
stable and transient inertial cavitation.
Chen et al. [9], using a passive cavitation detection approach, defined the
fragmentation threshold as the pressure at which at least 5% of spikes in the time trace
exceeded a certain voltage threshold and the inertial cavitation threshold as a sudden
increase in broadband noise in the frequency spectra between the harmonics. They
reported that fragmentation produced an increase in the inertial cavitation ‘dose’ of the
UCA population.
Giesecke and Hynynen [21] also used the increase in broadband noise as a
method to define their inertial cavitation threshold when analyzing the response of
albumin shelled Optison. They proposed an increase of one standard deviation greater
than the background noise as the threshold, and reported that increasing the frequency
increased the threshold for long (20-100 ms) tone bursts.
Yeh and Su [39], using an active cavitation detection system for UCAs flowing in
a tube, proposed using the ratio of backscattered power with and without insonation to
determine the destruction percentages for a group of Definity microbubbles. They found
an increase in destruction for increased pressure, increased pulse length, and decreased
frequency, through compared to other UCA studies they also reported anomalous results
of 50% destruction at an MI of about 0.1 and 95% destruction at an MI around 0.5 for
short (1 and 3 cycle) pulses at 1 to 7.5 MHz.
1.8

Postexcitation and Passive Cavitation Detection
Ammi et al. [1] and Haak and O’Brien Jr. [25] showed that passive cavitation

detection with a single focused receive transducer was a valid method for determining
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cavitation characteristics including minimum collapse thresholds of isolated
microbubbles with both albumin and lipid based shells. The presence or absence of a
postexcitation signal (PES), a short, broadband emission typically occurring 1 to 5 µs
after the principle excitation of the bubble, was used to determine destruction of UCAs.
This PES is hypothesized to be the collapse of a free gas bubble released from the UCA
and consequently is linked to shell rupture and transient collapse of the UCA.
However, using only a single receive transducer means there is inherent
uncertainty as to the spatial location of the bubble. Since the overlapping confocal region
of the receive transducer occurs across the lateral beamwidth of the transmit transducer,
there is corresponding uncertainty as to the magnitude of the insonifying pressure.
Therefore, difficulty arises when attempting to determine the transition from few
collapsing UCAs to many collapsing UCAs as the pressure increases, since the region to
which the receive transducer is sensitive may be varying by 6 dB or greater.
The proposed solution to address this uncertainty in this research is to add a
second receiver aligned with the other two transducers which will limit the confocal
volume to a smaller region, increasing the uniformity of the pressure which the observed
UCAs are receiving. The signals between the two transducers must exhibit sufficient
correlation to ensure that the response occurs within the confocal region; otherwise the
signal must be considered to have originated outside this relatively small volume.
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2

MATERIALS AND METHODS

2.1

Transducer Characterization and Calibration
Four single element focused transducers (Valpey Fisher, Hopkinton, MA) were

used to generate the transmitted pulse. The center frequencies of these transducers were
0.95, 2.8, 4.6 and 7.1 MHz; all were f/2, with an element diameter of 0.75 in. Two single
element focused transducers were used concurrently to passively receive the signals.
While the center frequencies of these transducers were labeled as 15 MHz, they were
measured in transmit mode to be 14.6 and 13.8 MHz; both were f/2, with an element
diameter of 0.5 in. A summary of measured transducer characteristics obtained using
established wire scattering characterization procedures [34] is presented below [Table 2].
Center

-3 dB

-6 dB

Transducer

Focal Length
Frequency

Fractional

Beamwidth at

Model

[mm]
[MHz]

Bandwidth [%]

Focus [mm]

Transmit
E1050

0.95

1.98

1.26

39.11

E9812

2.8

12.8

1.27

38.33

E1066

4.6

11.1

0.78

37.76

E1060

7.1

14.97

0.44

37.25

Receive
IS1504GP

14.6

25.56

0.64

27.18

IS1504GP

13.8

20.90

0.27

27.30

Table 2: Measured characteristics of the transducers
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2.2

Double Passive Cavitation Detector and Data Acquisition
The two receive transducers were placed at a 90-degree angle with one transmit

transducer placed 45-degrees between them in a custom designed holder [Figure 2.1].
This arrangement accommodated their confocal alignment [Figure 2.2] while allowing
simple exchange of the transmit transducer once the initial positioning was complete.
The holder was placed in a Plexiglas tank with dimensions 50.5 cm x 25.5 cm x 30.0 cm
which was filled with 25 L of degassed water at a temperature ranging from 20 to 22° C.
The appropriate concentration of UCAs was added to the tank and the mixture was gently
stirred with a magnetic stir bar to ensure uniformity of the UCA distribution.
Three cycle tone bursts with a pulse repetition frequency of 10 Hz at the center
frequency of each transmit transducer were generated using a pulser-receiver system
(RITEC RAM5000, Warwick, RI). To achieve the lowest pressure settings, an
attenuation bar (Model 358, Arenberg Ultrasonic Laboratory, Boston, MA) was used. To
determine the pressure amplitude of the generated waveform, all settings were calibrated
using PVDF hydrophone (Marconi 6999/1/00001/100; GEC Marconi Ltd.,Great Baddow
UK) according to established procedures [35], [40]. It is noted that the pulse length and
duty cycle parameters of the DPCD experiment fall within the requirements of
applicability of mechanical index criteria, as described in Section 1.6.
Signals acquired by the receive transducers were amplified by 22 dB, digitized
using an A/D converter (12-bit, 200 MS/s, Strategic Test digitizing board UF 3025,
Cambridge, MA) and saved to a PC for offline processing using Matlab® (The Math
Works, Inc., Natick, MA). A block diagram of the complete data acquisition system is
presented in Figure 2.3.
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Figure 2.1: DPCD holder.

Figure 2.2: Schematic of the experimental setup.
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Figure 2.3: DPCD Block Diagram.

2.3

Transducer Alignment
The transducers were aligned in pulse echo mode using a 50 µm diameter wire

located at the center of the confocal region [37]. The two receive transducers were wellaligned [Figure 2.4]. However, the confocal zone of the receive transducers was not
perfectly aligned with the focus of the transmit transducers [Figure 2.5], being separated
by 0.28 mm in all cases. Therefore the calibration of the transmit transducers was
performed both at the center of confocal zone of the receive transducers and at the focus
of the transmit transducer. The average variation in peak rarefactional pressure between
these two regions over the range of settings used is shown in Table 3. All results will be
presented using the calibrated data from the center of the confocal region as this is the
more likely location of the UCA.
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Figure 2.4: Overlapping confocal region of the receive transducers. This image was created by overlapping
the pulse intensity integral obtained using the wire characterization technique [37]. The scale is in dB.

Figure 2.5: Overlapping confocal region of 4.6 MHz transmit transducer with receive transducers.
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Average PRP Percent Difference
Transmit Transducer

Lateral Distance to

[MHz]

Confocal Region [mm]

Between Confocal Region and
Transmit Transducer Focus (S.D.)
0.95

0.28

-1% (2%)

2.8

0.28

-5% (1%)

4.6

0.28

-10% (1%)

7.1

0.28

-35% (6%)

Table 3: Measured variation between focus of the transmit transducer and confocal region of receive
transducers.

2.4

Ultrasound Contrast Agents
The contrast agent used in these experiments was Definity® (Lantheus Medical

Imaging, N. Billerica, MA). The outer lipid shell of Definity consists of (R) –
hexadecanoic acid, 1-[(phosphonoxy)methyl]-1,2-ethanediyl ester, monosodium salt
(abbreviated DPPA); (R) - 4-hydroxy-N,N,N-trimethyl-10-oxo-7-[(1 oxohexadecyl)oxy]3,4,9-trioxa-4-phosphapentacosan-1-aminium, 4-oxide, inner salt (abbreviated DPPC);
and (R)-α-[6-hydroxy-6-oxido-9-[(1-oxohexadecyl)oxy]-5,7,11-trioxa-2-aza-6phosphahexacos-1-yl]- ω-methoxypoly(ox-1,2-ethanediyl), monosodium salt
(abbreviated MPEG5000 DPPE). This shell encases an octafluoropropane (C3F8) gas core.
According to the package insert, the reported mean diameter range of Definity is 1.1 to
3.3 µm with 98% having a diameter less than 10 µm.
To run the experiments, Definity was activated in the standard way using a
VialMix® for 45 seconds. The reported concentration of Definity is 1.2 x 1010
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microspheres/mL. Therefore, in order to isolate a single microbubble, the Definity was
diluted 1:5 and then 0.05 mL was placed in the 25 L tank, corresponding to 4.8 x 103
bubbles/mL, or less than 1 bubble per the overlapping -6 dB confocal volume of the two
receive transducers (estimated to be approximately 0.047 mm3).
2.5

Signal Analysis
The acquired signals were processed to remove the DC component from the

signal and then low pass filtered with cutoff frequency 20 MHz to remove undesirable
system noise. Experimental system noise thresholds were determined by collecting 50
signals with no UCAs present prior to each experiment.
The analysis of transiently collapsed UCAs versus oscillatory, noncollapsed
UCAs depended on the relationship of two characteristic features of the acquired signals.
The principle response was defined as the initial harmonic response of the microbubble
lasting in duration up to the length of the transmitted pulse. The postexcitation signal
(PES) was defined as a secondary broadband response separated in time from the
principle response, typically 1 to 5 µs later [1], [25].
While there should be on average only one UCA per confocal volume at any time,
this does not preclude the possibility that there may not be exactly one microbubble
present in the region. Therefore, the received signals must be classified to eliminate those
which do not contain a single bubble. Seven categories were used for classification: (1)
no bubbles, (2) multiple bubbles, (3) single bubble out of confocal region, (4) single
bubble with PES in only one channel, (5) single bubble with PES in both channels, (6)
single bubble with no PES, or (7) unknown. When a signal obviously belonged to one of
the first three categories, it was automatically classified; all other classification was done

17

manually. In a typical experiment, approximately 90% of acquired signals were
automatically classified, the bulk of these containing only noise in one or both channels.
Of the remaining signals, approximately 10% were manually classified as signals
containing a single microbubble within the confocal region. The characteristics used to
classify each signal are presented in the following sections.
2.5.1

No bubbles
A signal was classified as containing no bubbles when the only portion of the

signal greater than the noise threshold was determined to be random noise [Figure 2.6]. If
no portion of the signal was greater than the noise threshold, the signal was automatically
classified in this category. These signals were excluded from further analysis.
2.5.2

Multiple bubbles
A signal was classified as multiple bubbles within the confocal region when there

were two or more responses separated in time [Figure 2.7], or when the principle
response was significantly longer in duration than the measured transmit pulse at the
focus [Figure 2.8]. For example, at 2.8 MHz, the duration of a 3 cycle pulse is
approximately 1 µs; if the principle response was 3 µs long, it was considered to have
originated from several bubbles in close proximity. If the duration of signal greater than
the noise threshold exceeded 3 to 4 times the duration of the measured transmit pulse, the
signal was automatically classified in this category. These signals were excluded from
further analysis.
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2.5.3

Single bubble out of confocal region
When each channel displayed a single principle response, but that response was

widely separated in either time [Figure 2.9] or magnitude [Figure 2.10], the UCA was
considered to be outside the confocal region of the two receive transducers. If the lag
time for maximum correlation between the two channels exceeded 1 µs, or if the ratio of
maximum values between the two channels exceeded 5, the signal was automatically
classified in this category. These signals were excluded from further analysis.
2.5.4

Single bubble with PES in only one channel
When each channel displayed a single principle response, but one channel

contained both a principle response and PES while the other channel had only a principle
response [Figure 2.11], the signal was classified in this category. Possible scenarios
which could explain this type of signal include multiple bubbles picked up separately by
each receiver, a single bubble out of the confocal region such that the PES was only
received by one channel, or a single bubble which collapsed with exceptional asymmetry.
Due to the large degree of uncertainty as to the proper classification, these signals were
excluded from further analysis.
2.5.5

Single bubble with PES in both channels
When both channels displayed a single principle response followed by one or

more PES responses, while satisfying the requirements to be within the confocal region,
the bubble was considered to have collapsed transiently [Figure 2.12]. These signals were
included in the analysis as collapsed microbubbles.
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2.5.6

Single bubble with no PES
When both channels displayed a single principle response without any

accompanying PES signal, while satisfying the requirements to be within the confocal
region, the bubble was considered to have oscillated non-transiently [Figure 2.13]. These
signals were included in the analysis as non-collapsed microbubbles.
2.5.7

Unknown
Any signals which did not fit into the above categories were classified as

unknown. The most common example of such a signal was a single broadband spike,
without any secondary rebound [Figure 2.14]. According to the classification schema, it
was not possible to determine whether such a peak represents the transient collapse of a
UCA, a cycle of the oscillatory behavior of a non-transient UCA, the collapse of a free
gaseous bubble, or something else. These signals were excluded from further analysis.
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Figure 2.6: Noise. No bubbles are present in channel 0. All signals presented here as examples were
acquired at 4.6 MHz with peak rarefactional pressure 4.47 MPa.

Figure 2.7: Multiple bubbles. Several bubbles are present in channel 0.
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Figure 2.8: Multiple bubbles. Several bubbles are present in both channels.

Figure 2.9: Single bubble out of confocal region. The lag time between maximum correlation is 2.28 µs.
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Figure 2.10: UCA out of confocal region. The signal in channel 1 is much stronger than in channel 0.

Figure 2.11: Single bubble with PES only present in channel 0.
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Figure 2.12: Single bubble with PES in both channels.

Figure 2.13: Single bubble with no PES.
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Figure 2.14: Unknown. The single broadband spike is similar to the PES, but without the preceding
principle response.

2.6

Logistic Regression
The method of classification used in this study involved a straightforward

criterion to determine collapse based on the presence or absence of a postexcitation signal.
By comparing the number of signals exhibiting PES in both channels to the total number
of signals classified as single bubble, the percent of transiently collapsing bubbles for a
particular transmit frequency and pressure amplitude is defined as
Percent Collapse =

PES in both channels
× 100% .
PES in both channels + No PES

(2.1)

A common approach to fitting data with a discrete, binary outcome variable is
logistic regression [28]. The basic form of the logistic model is
eα0 +α1x
P ( x) =
.
1 + eα0 +α1x
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(2.2)

where P(x) is the outcome, x is the independent variable, and the coefficients α0 and α1
are estimated using a maximum likelihood method. In the DPCD experiments, x is
chosen to be the peak rarefactional pressure (PRP) and P(x) x 100% corresponds to the
percent collapse at a given PRP. By fitting the experimental data points with a logistic
curve, estimation of various percentage thresholds of collapse may be determined, as in
the manner of determining an effective dose [33]. For example the 5% collapse threshold,
the pressure level at which 5% of all UCAs would exhibit PES, was determined by
solving Equation (2.2) for x,

x5%

 0.05 
log 
 − α0
1 − 0.05 

=

(2.3)

α1

The standard error for these collapse thresholds was approximated using a first
order Taylor approximation,

  ∂x
SE ( x5% ) ≈   5%
  ∂α 0


 ∂x5%
∂x5% 
 [ cov( x5% ) ] 
∂α1 
 ∂α 0

12

T
∂x5%  
 
∂α1  


(2.4)

where cov(x5%) was the covariance matrix returned from the maximum likelihood fit.
It is expected that at a peak rarefactional pressure of zero (i.e. no transmitted
pulse), the number of UCA collapsing transiently must go to zero. However, no acoustic
signals are able to be collected at these low pressures. To account for this constraint on
the fit, a transformation of the regression variable was used
z = log( x − T )
P( z ) =

eα0 +α1z
.
1 + eα0 +α1z
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(2.5)
(2.6)

Note that with this transform, the probability of collapse will go to zero as the
peak rarefactional pressure x approaches the threshold T=0.
It is also expected that while PES is indicative of shell rupture and transient
collapse of the bubble, the converse is not necessarily true. A bubble may transiently
fragment such that the gas content is not of a critical size and diffuses into the liquid
without a violent rebound [4]. Therefore, 100% collapse is not directly equivalent with
100% PES, which may never be reached for given acoustic parameters as PRP increases.
This physical motivation leads to a modified logistic model

P( z ) =

Qeα0 +α1z
1 + eα0 +α1z

(2.7)

where Q is the maximum observed percentage of PES ( 0 ≤ Q ≤ 1 ). Note that this
definition means the highest observed percentage of PES is equivalent to 100% collapse
when defining the percentage collapse thresholds.
The regression analysis using the model presented in Equations (2.3) - (2.7) was
implemented using the Matlab function glmfit to determine the percentage collapse
thresholds. Using the fitted logistic curves, the standard deviation for the experimental
data points is estimated using the binomial standard deviation formula

SD( x) = 100 ×

P ( x) (1 − P( x) )
N ( x)

(2.8)

where P(x) x 100% is the estimated percentage of collapse and N(x) is the total number of
signals at a given pressure.
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2.7

Simulations
In the DPCD experiment, UCAs are classified based on the acoustic signals after

the point of shell rupture and transient collapse. Currently, no existing theoretical model
endeavors to describe the response of the UCA bubble beyond this limit, where
fragmentation, breakdown of symmetry, and other difficulties are occuring. However,
numerous models do exist which attempt to account for the effect of the shell on a gas
bubble during oscillatory behavior, most of which assume small amplitude, linear
oscillatory conditions [8], [13], [16], [32].
The goal of the simulations was not to accurately replicate the complex dynamics
of a collapsing, fragmenting, and rebounding bubble, but was rather to see if the
thresholds obtained from the rebound signal associated with shell rupture could be linked
to a relatively simple model as in the case of the inertially collapsing free bubble. To that
end, the Marmottant model [31] was determined to be the best choice. The Marmottant
model was designed to describe the large amplitude, spherically symmetric response of a
single, thin shelled UCA in terms of a varying surface tension. The time varying radial
amplitude of the shelled bubble is given by the Rayleigh-Plesset-like equation
3κ
2σ ( R0 )   R0   3κ ɺ  2σ ( R ) 4 µ Rɺ 4κ s Rɺ
3 ɺ2 
ɺɺ
ρ RR + ρ R =  P0 +
R −
−
− 2 − P0 − Pac ( t )

1 −
2
R0   R  
c 
R
R
R

(2.9)

where ρ is the density of the surrounding medium, P0 is the ambient pressure, c is the
speed of sound, µ is the surrounding liquid viscosity, κ is the polytropic gas exponent,
and κs is the monolayer surface dilatational viscosity. The size dependent surface tension,
σ(R), is given by
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0 if R ≤ Rbuckling


  R2
σ ( R ) = χ  2
− 1 if Rbuckling ≤ R ≤ Rbreakup


  Rbuckling

σ
 water if ruptured and R ≥ R ruptured

(2.10)

where χ is the elastic compression modulus.
Values used for each of the parameters in the simulation are listed in Table 4.
Note that the Rruptured was considered to be the same as Rbreakup, meaning that (1) the
surface tension of the bubble was equal to that of water during the expansion portion of
the cycle except for a small linear region around R0, and (2) the shell was allowed to
‘rupture’ and then re-coalesce upon contraction, in the manner of a thin lipid membrane
separating into rafts without ever breaking apart entirely.

Parameter

Value

Source/Description

ρ

998 kg/m

Water at 20° C

P0

101 kPa

Atmospheric Pressure

c

1481 m/s

Speed of water at 20° C

µ

0.001 Pa s

Viscosity of water

σwater

0.073 N/m

Surface tension of water

κ

1.07

Octafluoropropane

κs

0.398e-9 N

Definity [22]

χ

0.855 N/m

Definity [22]

Rbuckling

1.98*R0

Lipid shell [31]

Rruptured

Rbreakup

n/a

Table 4: Summary of values used for simulations.
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The acoustic pulses Pac were generated using a windowed sinusoid function to
simulate the rise and ring down time of the transducer. The windowing function is
described by
t


 1 − e T0 

 
 for t < T

0
 −1 + e
wn(t ) =  1− t
 −e T0
for T0 ≤ t < 5T0


0
for 5T0 ≤ t


(2.11)

where T0 is the period of the waveform multiplied by the number of cycles (in these
simulations, three). A comparison of the simulated and measured waveforms is presented
in Figure 2.15 and Figure 2.16. It is noted that at large acoustic pressures, the true
waveform becomes highly asymmetrical with a greater compressional than rarefactional
phase, whereas the simulations assume approximate equality of the two.
The simulations were run varying initial radii from 0.1 µm to 10 µm in
increments of 0.1 µm and varying peak rarefactional pressure from 0.1 MPa to 10 MPa in
increments of 0.1 MPa for each of the four frequencies used in the experiment: 0.95, 2.8,
4.6, and 7.1 MHz.
In order to properly weight the responses of the simulated radius-time curves, a
crucial piece of information is the distribution of radii. As there was no precise
knowledge of the UCA size during the experiment, the distribution was idealized by a
Gaussian approximation for a window of length N+1.
2
 1
n  
N
N
w(n) = exp  −  α
, where - ≤ n ≤


 2 N / 2 
2
2
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(2.12)

The approximation was based on size distribution estimates from images acquired
by a light microscope [Ma unpublished]. The measured size distribution and the Gaussian
approximations centered at 1.2 µm with α chosen to be 22 and 34 are shown in Figure
2.17.

Figure 2.15: Simulated 3 cycle pulse, 2.8 MHz, 900 kPa PRP.
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Figure 2.16: Measured 3 cycle pulse, 2.8 MHz, 900 kPa PRP.

Figure 2.17: Definity size distribution. The bar histogram represents the measured radii. The green and
blue lines represent Gaussian distributions centered at 1.2 µm, with α = 22 and 34 respectively.
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3
3.1

RESULTS
Definity Experimental Results
For each frequency and pressure level, signals were collected and analyzed until

approximately 20 signals were classified as either single bubble with PES in both
channels or single bubble with no PES [Table 5]. The experimental percentages of
collapse and results of the logistic regression curve fitting as described in Section 2.6 are
presented in Figure 3.1 – Figure 3.4. Figure 3.5 shows the 5%, 50% and 95% thresholds
of collapse, and these values are listed in Table 6.
Due to concerns about the robustness and reliability of manual classification, a
second, independent classification of Definity was performed by a different individual.
The independently analyzed signals formed a partially overlapping set with the original
signals. These results are shown in Figure 3.6 through Figure 3.9, with the collapse
thresholds shown in Figure 3.10 and these values listed in Table 7.
The thresholds values versus the mechanical index are shown in Figure 3.11 and
Figure 3.12, with corresponding values are listed in Table 8 and Table 9, for the initial
and alternate classifications respectively.
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Frequency

Average #

Minimum #

Average #,

Minimum #,

[MHz]

Signals

Signals

Alternate

Alternate

0.95

21

12

19

13

2.8

34

21

45

22

4.6

32

20

49

29

7.1

37

23

39

20

Table 5: For each frequency, average number of signals classified as good at each pressure level and
minimum number of signals as good at any one pressure level, including both initial and alternate
classifications.
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Figure 3.1: Definity, 0.95 Hz, plotted as percent of signals exhibiting postexcitation (PES) against peak
rarefactional pressure (PRP). The asterisks (*) represent experimental data, plotted with an estimated
binomial standard deviation. The solid ( – ) curve is the logistic fit, and the dotted ( - - ) curves represent
the 95% confidence intervals.

Figure 3.2: Definity, 2.8 MHz.
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Figure 3.3: Definity, 4.6 MHz.

Figure 3.4: Definity, 7.1 MHz
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Figure 3.5: Definity percentage postexcitation thresholds, plotted for peak rarefactional pressure (PRP) vs.
frequency.

Frequency [MHz]

5% (S. E.) [MPa]

50% (S. E.) [MPa]

95% (S. E.) [MPa]

0.95

0.20 (0.18)

0.57 (0.07)

1.61 (0.13)

2.8

0.71 (0.06)

1.21 (0.03)

2.05 (0.05)

4.6

1.78 (0.08)

2.97 (0.03)

4.96 (0.09)

7.1

2.12 (0.02)

2.73 (0.01)

3.53 (0.02)

Table 6: Thresholds of collapse as determined for Definity.
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Figure 3.6: Definity, 0.95 MHz, plotted as percentage of signals exhibiting postexcitation (PES) against
peak rarefactional pressure (PRP), for the alternate classification.

Figure 3.7: Definity, 2.8 MHz, alternate classification
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Figure 3.8: Definity, 4.6 MHz, alternate classification

Figure 3.9: Definity, 7.1 MHz, alternate classification.
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Figure 3.10: Definity percentage postexcitation thresholds, alternate classification.

Frequency [MHz]

5% (S. E.) [MPa]

50% (S. E.) [MPa]

95% (S. E.) [MPa]

0.95

0.54 (0.15)

0.99 (0.05)

1.81 (0.17)

2.8

0.71 (0.05)

1.27 (0.03)

2.29 (0.05)

4.6

0.73 (0.24)

3.19 (0.05)

13.89 (0.24)

7.1

2.23 (0.02)

2.70 (0.01)

3.25 (0.02)

Table 7: Thresholds of collapse, determined from alternate classification.
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Figure 3.11: Definity PES thresholds plotted on MI scale.

Frequency [MHz]

5% (S. E.) [MI]

50% (S. E.) [MI]

95% (S. E.) [MI]

0.95

0.21 (0.18)

0.59 (0.07)

1.65 (0.13)

2.8

0.42 (0.03)

0.72 (0.02)

1.22 (0.03)

4.6

0.83 (0.04)

1.38 (0.01)

2.31 (0.04)

7.1

0.79 (0.01)

1.03 (0.01)

1.32 (0.01)

Table 8: Definity thresholds on MI scale.
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Figure 3.12: Definity PES thresholds plotted on MI scale, alternate classification.

Frequency [MHz]

5% (S. E.) [MI]

50% (S. E.) [MI]

95% (S. E.) [MI]

0.95

0.55 (0.16)

1.01 (0.05)

1.85 (0.18)

2.8

0.42 (0.03)

0.76 (0.02)

1.37 (0.03)

4.6

0.34 (0.11)

1.49 (0.02)

6.48 (0.11)

7.1

0.84 (0.01)

1.01 (0.01)

1.22 (0.01)

Table 9: Definity thresholds on MI scale, alternate classification.
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3.2
3.2.1

Definity Simulation Results
Radius-Time Curves
The Marmottant equations (2.9) and (2.10) were solved numerically using the

Matlab Runge-Kutta ordinary differential equation solver ode45 for the range of
parameters specified in Section 2.7. The radius-time curves show the expansion and
contraction of the simulated microbubble in response to the acoustic pulse [Figure 3.13].
Note that at high acoustic pressures, the response becomes asymmetrical with large
expansion and contraction to a point of discontinuity.

Figure 3.13: Marmottant simulated radius-time curves for Definity. Both curves are for frequency 2.8 MHz,
R0 = 2 µm. The PRP of the upper figure is 200 kPa, while the PRP of the lower figure is 1 MPa.
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3.2.2

Maximum Radial Expansion
Guided by the theoretical results for the inertial collapse of free bubbles presented

in Section 1.5, the criterion for UCA collapse in the simulations was chosen to be
maximum radial expansion
Rmax =

Maximum( R (t ))
.
R0

(3.1)

The results of the Marmottant simulation showing the maximum radial expansion
as a function of the initial radius (R0) and peak rarefactional pressure (PRP) are presented
in Figure 3.14 through Figure 3.17.
By weighting the simulation results by a size distribution, the percentage of
bubbles reaching a threshold Rmax value while increasing PRP across the range of radii
can be calculated. Then these percentages can be fit with the logistic model in the same
way as was done for the experimental data. The metric used to compare the two sets of
curves was minimization of the mean square error (MSE) between the normalized
experiment and simulation curves. Results from the simulation error while varying the
center of the Gaussian curve, Rcenter, and the collapse threshold, Rmax, are shown in Figure
3.18 and Figure 3.19 for a broader and narrower size distribution, respectively. A
demonstration of the quality of the fit for Rcenter = 1.2 µm, size distribution parameter α =
22, and Rmax = 3.4 is shown in Figure 3.20 through Figure 3.23.
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Figure 3.14: Definity simulation, 0.95 MHz. Maximum radial expansion Rmax is plotted as a function of
initial radius in µm, R0, along the horizontal axis and peak rarefactional pressure (PRP) in MPa along the
vertical axis. The color gradient indicates Rmax; dark blue indicates Rmax = 1, and dark red indicates Rmax > 5.

Figure 3.15: Definity simulation, 2.8 MHz.
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Figure 3.16: Definity simulation, 4.6 MHz.

Figure 3.17: Definity simulation, 7.1 MHz
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Figure 3.18: Simulation error (MSE), as a function of the center of the Gaussian size distribution Rcenter and
the threshold radial expansion Rmax. The Gaussian α parameter is 22, indicating a broader size distribution.
Dark blue indicates a better fit, while dark red indicates a worse fit.

Figure 3.19: Simulation error (MSE). The Gaussian α parameter is 34, indicating a narrower size
distribution.
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Figure 3.20: Definity simulated and experimental collapse curves, 0.95 MHz, plotted as percent collapse
for experiment and percent exceeding Rmax threshold for simulation against peak rarefactional pressure
(PRP). The simulated curves correspond to Rcenter = 1.2 and Rmax = 3.4 in Figure 3.18. The dotted line
represents the normalized experimental logistic curve. The ‘*’ indicated the percentage of Rmax which
exceed the threshold in the simulation, and the solid line is the logistic curve fitted to these points.

Figure 3.21: Definity simulated and experimental collapse curves, 2.8 MHz.
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Figure 3.22: Definity simulated and experimental collapse curves, 4.6 MHz.

Figure 3.23: Definity simulated and experimental collapse curves, 7.1 MHz.
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4

DISCUSSION

4.1
4.1.1

Discussion of Experiment Results
The Postexcitation Signal
The results for Definity indicate that the percentage of occurrence of a

postexcitation signal increases from zero to some maximum as the peak rarefactional
pressure is increased while holding other insonifying parameters constant. This trend, in
combination with the linking of PES to shell rupture of the UCA, suggests that the PES
can be used to experimentally determine collapse thresholds of single isolated UCAs.
The insensitivity of the receive transducers to linear oscillations of the UCAs
suggests that it is likely that many of the observed events, particularly at the highest
pressures, can be considered inertial cavitation due to radial expansion. The expectation,
therefore, is that this DPCD setup not only distinguishes ruptured from non-ruptured
UCAs, but also transient IC from stable IC through the observation of PES.
4.1.2

Mechanical Index
When comparing the collapse thresholds with the mechanical index (MI), it is

noted that the lower frequencies exhibit a small percentage of collapse even at low MI
below 0.5 and over 50% collapse above MI = 0.6. The thresholds for the higher
frequencies are greater, around MI = 0.6 for small percentages of collapse and above MI
= 1 for 50% collapse. Nearly all Definity microbubbles are collapsing below an MI of
about 1.8 for all frequencies except for 4.6 MHz.
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4.1.3

Applicability of single bubble results to clouds of bubbles
It is emphasized that the collapse thresholds obtained for single UCA collapse

thresholds do not directly correspond to collapse thresholds obtained for multiple bubbles
or clouds of bubbles. Many complicating factors are present within clouds of bubbles
which alter the pressure field of the fluid medium; for example, a bubbly cloud is
strongly attenuating, especially near the resonant frequencies of its constituents [30].
Additionally, the assumption of uniform pressure is likely to also break down,
particularly for high concentrations of UCAs, due to scattering and the fact that each
bubble must also be considered an acoustic source [41].
4.1.4

Discrepancies between the two classifications
For two of the four frequencies, 2.8 and 7.1 MHz, both the original and alternate

classification obtained very similar results. The other two frequencies, 0.95 and 4.6 MHz,
showed significant differences in the determined thresholds. Computing the percent error
of the 5%, 50%, and 95% PRP thresholds as

% Error =

Alternate − Original
x100%
Original

(4.1)

shows this very clearly, as seen in Table 10.
There are several factors which may account for this discrepancy. As noted earlier
the analyzed data sets were not identical; however, they were greatly overlapping in all
cases except for the 0.95 MHz. It is expected that individual trials will show some
variation in the microbubble population; moreover this population may change over the
course of the experiment [11].
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A more significant issue is the application of the signal classification guidelines.
While manual classification has a certain confidence and should be used to guide any
classification efforts, it is by no means infallible. Ideal cases which cleanly fall into one
of the seven identified categories are not the norm; many signals require a ‘best guess’ by
the human classifier and thus the classification process is prone to malleable categorical
definitions both interpersonally and intrapersonally over time. Potential solutions to
reducing the variability of the human element include better application of signal
processing techniques, or introduction of various learning algorithms based on signal
features. The successful application of support vector machines (SVM) to the PES
classification problem has already been demonstrated [24].

Frequency [MHz]

5%

50%

95%

0.95

170%

74%

12%

2.8

0%

5%

12%

4.6

-59%

7%

180%

7.1

5%

-1%

-8%

Table 10: Percent error in PRP thresholds between the two classifications.

4.2

Discussion of Simulation Results
Analysis by logistic regression implies that while the outcome is discrete (the

microbubble either collapsed or did not), there is a latent or unobserved variable which is
not accounted for in the analysis. With all bubble and acoustic field parameters
determined by assumptions mentioned above, the only latent variable for the experiments
and simulations is the initial size of the bubble, R0.
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The figures showing the radial expansion as a function of R0 and PRP
demonstrate that at low frequency, a broad range of initial radii grow to a given threshold;
as frequency is increased, this range narrows and shifts upward in PRP. As read in the
direction of increasing PRP, higher frequencies require greater pressures for a typical
distribution of UCAs to reach a given threshold. Note that these surfaces share a
phenomenological similarity to the calculations of Apfel and Holland for a free bubble
[3], as should be expected given the Marmottant model of large amplitude behavior as
essentially a free bubble.
The minimization of MSE between simulation and experiment yields several
interesting observations. Larger, more broadly distributed populations of UCAs do not
need to reach as high radial expansion thresholds to match the PES thresholds as smaller,
narrower ones. When a representative size distribution and threshold is chosen, it is noted
that the fit is not uniformly successful across all frequencies. Thus a better optimization
might be improved by choosing different values for each frequency rather than lumping
all four together. However, doing so would negatively impact the ease of interpretation.
An important point to explicitly mention is that the simulation and the experiment
do not compare two like criteria. Whereas the experiment measures postexcitation which
is linked to shell rupture, the simulation measures radial expansion which is linked to
inertial cavitation (IC). That there exists a direct link between shell rupture and IC of the
UCAs is merely the hypothesis made when comparing the two results. Nevertheless, it is
a reasonable hypothesis since experimental observations show that the likelihood of both
PES and IC increase as pressure increases for a given set of acoustic parameters.
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The fact that error is minimized between the simulation and experimental results
when the radial expansion exceeds 2, widely recognized as a lower bound for inertial
cavitation of free bubbles, suggests that IC is the cause of shell rupture leading to
postexcitation. The PES thresholds, therefore, are equivalent to transient inertial
cavitation thresholds for UCAs. Again, the distinction is drawn between transient and
stable IC thresholds, which are presumably at smaller radial expansions and remain
undefined by the PES criterion.
4.2.1

Discrepancies between simulation and experimental results
There are numerous assumptions made throughout the simulations which are

expected to account for incongruities when comparing with experimental results.
Foremost of these are the assumptions of the Marmottant model, namely spherical
symmetry and piecewise, size-dependent shell tension. It is clear at the very least that
under experimental conditions of shell rupture, spherical symmetry is no longer a valid
assumption. Furthermore, while the fluid parameters of the gas core and surrounding
medium are well characterized, the lipid shell parameters are not, particularly at such
extremely thin scales. The values used in this paper are based on measurements made
under assumed linear conditions from attenuation experiments. Under nonlinear
conditions, there is no guarantee that these values are still applicable. It might be
expected, however, that since the shell is considered intact for only a small portion of the
overall cycle, small variations in these values will have only a minor effect on the
maximum radial expansion for large amplitudes of oscillation. A third simulation
assumption involves the pressure field itself. The experimental waveforms for the high
pressure settings acquired at the focus were highly asymmetrical, featuring a greater
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compressional pressure than rarefactional pressure. This asymmetry was not replicated in
the pressure field of the simulations. Nevertheless, if the rarefactional pressure is the
dominant factor in the growth of the microbubble to a size allowing for the inertial
collapse, then this disparity would not be expected to make a significant difference in the
results.
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5

CONCLUSIONS
Double passive cavitation detection was applied to single ultrasound contrast

agents to determine transient collapse. Transient collapse was defined by the presence of
postexcitation in the acoustic signal, associated with the rupture of the shell, following
the principle response of the UCA. Short pulse length, low duty cycle pulses across a
range of pressures and four frequencies were used to insonify the microbubble.
The experimental results showed that the DPCD technique leads to anticipated
outcomes, validating its usage for determining collapse thresholds. The results yielded
trends in increasing percentage of single bubbles exhibiting postexcitation as peak
rarefactional pressure increased for each frequency. Higher frequencies corresponded to
higher necessary PRP to achieve equivalent percentages of collapse, following a trend
which roughly corresponded to the mechanical index approximation; however, low
frequencies showed significant collapse activity of Definity below the assumed
theoretical cavitation thresholds from the MI, demonstrating the limitations of that model
in describing the transient behavior of UCAs.
Simulations using the relatively simple Marmottant model were used to compare
experimentally obtained PES thresholds of UCAs to maximum radial expansion of the
microbubble. Since the error between the simulation and experimentally generated curves
was minimized at Rmax thresholds equal to or greater than inertial cavitation thresholds for
free bubbles, the shell rupture thresholds were also identified as transient inertial
cavitation thresholds, a result consistent with the experimental observations.
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