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ABSTRACT

The double passive cavitation detection (DPCD)ngpie was implemented
experimentally to characterize the response ofsinlfrasound contrast agents.
Ultrasound contrast agents (UCASs) are microbublygscally ranging from 1 to 10 um
in diameter, which consisting of a gas core and shirrounding shell. The UCAs were
categorized as ruptured or non-ruptured accordirgydiassification scheme based on the
presence or absence of postexcitation signals (REE8)ndary broadband spikes which
follow the principle response of the UCA and wessaziated with the rebound and re-
collapse of a compromised microbubble. Experimesmtse conducted across a range of
insonifying frequencies (0.95, 2.8, 4.6, 7.1 MHa)lgeak rarefactional pressures (200
kPa to 6.2 MPa) using the commercially availableALxfinity® (Lantheus Medical
Imaging, N. Billerica, MA). Results were fitted ngilogistic regression analysis to
define pressure thresholds of 5%, 50%, and 95%usdid bubbles for each frequency.
Simulations using the Marmottant model for thiniEeemicrobubble dynamics were run

to compare experimental results with inertial cavwin thresholds.
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1 INTRODUCTION
1.1 The Purpose of this Thesis

The determination of accurate collapse threshdlddti@sound contrast agents
(UCASs) holds the potential not only for increasedierstanding related to biosafety
concerns, but also for improved theoretical modgetind elucidation of physical
mechanisms for bioeffects resulting from functionsdge of UCAs.

With the determination of UCA collapse thresholdglae goal, this research
seeks to implement a double passive cavitatiorcttetéDPCD) for improved quality of
data collection and analysis over previous iteraid his thesis will begin with a series
of basic introductions on ultrasound contrast agantl bubble dynamics, followed by a
brief review of relevant literature on previousdtwf bubble cavitation thresholds and
UCA collapse thresholds.

The next section of the thesis will describe theezimental procedure for
implementation of the double passive cavitatioredteltr, isolating single microbubbles,
and the classification schema used to interpretebeived data. This section will also
include a description of the method of statistanalysis used to analyze the
experimental data. Finally, the application ofragie bubble dynamic model for
numerical simulations will be introduced here fomparison with the experimental
results.

Following this section, results from the DPCD exments and the simulations
will be presented. The final section will includsalssion of the conclusions which can
be drawn from this work, including validity of tmesults as well as strengths and

weaknesses of the DPCD method.



1.2 Ultrasound Contrast Agents

Ultrasound contrast agents (UCAS) are microbublygscally ranging in
diameter from 1 to 10 pum. They consist of a gaseous and a shell which acts as a
stabilizing interfacial boundary between the gasde and the fluid outside [Figuiel].
The first discovery using air microbubbles for @sed contrast in ultrasonic imaging of
the bloodstream was by Gramiak and Shah in 128 but the lack of stability of the
bubbles at the necessarily small size limited ffexgveness of this approach. By the
early 1980s, it was shown that thin coatings ohsuaterials as gelatin could greatly
increase the lifespan of small gaseous bulBleznd UCAs were approved for medical
use, first in Germany in the early 1980s and let¢he United States in the 1990s.

The earliest UCAs were filled with air and typigaditabilized by albumin-based
shells. More recently, it was recognized that usiagvy, less diffuse gases increased the
lifespan of the contrast agents. Later generatwdmsicrobubbles have been introduced
with lipid-based shells which are thinner and ekHdss stiffness than albumin based
shells. The two FDA-approved contrast agents feringhe United States are Optis¥n
(Mallinckrodt Inc., St. Louis, MO) and Definity® @dntheus Medical Imaging, N.

Billerica, MA).
Shell

Gas Core

~1-10um

Figure 1.1: Basic structure of UCAs.



1.3 Functional usage of UCAs

While the primary clinical usage of ultrasound cast agents today remains their
enhancement of imaging in diagnostic ultrasound;hmaf the focus of recent research
has shifted to the potential use of UCAs in theudipaultrasound. Among other
procedures, experimental studies have shown tleadfld CAs in conjunction with
ultrasound enhances thrombolyHiS§] and sonoporation across cellular membrg2ep

While UCAs have been shown to be successful ireasing the effectiveness of
such therapies, the precise physical mechanisrdsig#o these bioeffects remain
insufficiently explained. In response to the ultnais pressure wave, UCAs may undergo
a wide range of dynamic responses ranging fronafioscillation to transient inertial
collapse and fragmentation. The bubble responsks lieaturn to the generation of a
variety of fluidic behaviors including streamingitjng, and shock waves. Thus,
improved knowledge of microbubble response, pdditpat large amplitudes, is

important for understanding the physical mechanisntise therapeutic use of UCAs.

1.4 Bubble Dynamics

Ultrasound contrast agents respond dynamicalliiggtesence of an ultrasonic
pressure wave by expanding and contracting in camtijpn with the rarefactional and
compressional phases, respectively. As the sitleed) CA microbubble is well below
the wavelength of typical ultrasonic frequenciesdjghe time varying pressure field is
usually considered to be spatially uniform.

The forced behavior of a bubble in general candresidered most
straightforwardly as a damped nonlinear oscill§@j. One widely used model,

considering a spherically symmetric free gas bubladubble without a shell—in an



incompressible viscous Newtonian liquid, is called RPNNP model after the five
primary contributors (Rayleigh, Plesset, Noltinbleppiras, and Poritsky29], and is

given by

.31 o (RY'., o 4R
RR+ —;Hm— K)j( j+p R Rr P 0 X (1.1)

2 R, R

whereR = R(t)is the time varying radiu$y is the initial radiusp is the density of the
liquid, po is the ambient pressung(t) is the time varying pressurejs the surface
tension of the liquidpy is the liquid vapor pressure, apds the shear viscosity of the
liquid. This model, and other variations of it, leaveen shown to be successful at
elucidating characteristics of free bubble behagi@n in the extreme cases where the
model’'s assumptions are no longer strictly valigshsas during single bubble
sonoluminescende6].

At small amplitudes, the bubble oscillation is AneAt larger amplitudes, the
oscillation becomes nonlinear, and when the ang#itoecomes great enough, the
microbubble may collapse upon itself. During théagse, temperatures and pressures
become extremely high in the interior of the bulkdnie shock waves may be emit{éf

The presence of the shell in UCAs complicates &temal treatments by acting as
an additional damping force on the expansion amdraction of the free gas bubRlEs].
The debate over how to best characterize the maproperties of the shell has led to
numerous models for UCA dynamics, as will be disedsfurther in SectioB.7.

Due to the plethora of terminology to describethgety of large amplitude
behavior of both free and shelled bubbles, andnsistency in its usage throughout the

literature, a table of terms as they will be usethis thesis is presented in Table 1.



Term Definition as used in this thesis

Inertial Cavitation | Refers to bubble whose contraction phase is doslnay inertial

(1C) forces; typically defined in terms of radial expams

Stable IC Refers to bubble undergoing IC which riesyantact over multiple
cycles

Transient IC Refers to bubble undergoing violenwiidch fragments and
disappears

Fragmentation Refers to the breaking apart of gable or shell of UCAs

Shell Rupture Refers to the compromising of shiellGAs such that gas is
ejected

Collapse Refers (1) to transient IC for free bublaed (2) to shell rupture
for UCAs

Refers to the initial reactibblGAs due to ultrasound
Refers to a spike in acoustic signal from UCA faliog principle
response; associated with shell rupture

Principle response
Postexcitation
(PES)

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

1.5 Transient Cavitation for Free Bubbles

In his 1975 paperd 7] and[18], Flynn examined dissipative and inertial effec
for his model of a collapsing free bubble. Firgt,domparing the ratio of energy
dissipated by a cycle of the bubble oscillatiothi® mechanical work done on the bubble
cavity during the contraction phase (an energyigig®n modulus), he determined that

this ratio always reached a maximum value wRggwas in the range of 2 to 3, where

_ Maximun{ R })
R :

R (1.2)

Thus, above this transition value, decreasing ansoofrenergy were dissipated by the
bubble despite increasing amounts of energy beipgle®d it.

Second, he noted that after decomposing the equatimotion into inertial terms
and pressure terms, the inertial terms will don@ribe collapse phase for an expansion
greater than a criticénay found to be in the range of 1.9 to 2.3 for th&ahradii he

studied. Flynn then showed that for bubbles witlngral radiusR, less than 5 um, the



collapse phase is dominated by dissipative effedtde for bubbles larger than 5 um,
the collapse is dominated by inertial forces. Had¢fore hypothesized that transient
cavitation occurs wheRmaxexceeds both the dissipative and inertial thretghalhereas
stable cavitation exists below them.

A different criterion for collapse was proposedApfel [2], who suggested that
the wall of the bubble must reach supersonic ceéegpeed in order to undergo transient
cavitation. This threshold is reached upon radigl@sion oRnax~ 2.3. Still another
condition was proposed by Holland and Ag#i], in which they hypothesized that the
maximum temperature of the gas inside the collgpsavity must reach 5000 K
(although they note insensitivity to the valuela§tparameter and state that 1000 — 5000
Kis likely a good estimate). They also relate maxin temperature Bmnaxin order to
compare results with other models and find thanaperature of 960 K corresponds to
Rmax= 2.

Due in part to the complexity of applying thesdetiént criteria for transient
cavitation, another definition of transient caviatfor the free bubble is simply that the

ratio Rmax must exceed p19], [30].

1.6 Mechanical Index

In 1991, Apfel and Hollan{B] applied their definition of cavitation to acdies
conditions encountered in diagnostic ultrasoundrtgbulse (< 10 cycles) and low duty
cycle (< 1:100). They derived an index of intengitgportional to the mechanical work

done on a bubble,

| - PRP [MPa]

f [MHz] 13



where the peak rarefactional pressitBP is given in MPa and the frequendyié
given in MHz.

The mechanical index (MI) was introduced as a tesfithat work. The Ml is
widely used as a guide for judging the likelihood ¢avitation activity in ultrasound and
is defined as

v = PRPIMPa]
JF MHz]

Apfel and Holland proposed that the potential favitation was unlikely under 0.7 under

(1.4)

the mechanical index. Levels above 0.8 are corsitleigh MI, and the FDA regulatory

limit is 1.9[33].

1.7 UCA Collapse Studies

Many methods have been proposed to determine tlapse thresholds of UCAs
based on experimental observation. The two gewatafories of experimental methods,
optic and acoustic, each have strengths and wesdsieBhe following is not intended to
be a comprehensive list of UCA destruction thredtslidies, but is included to
demonstrate the variety of approaches to expldiapse.

The primary strength of good optical studies esdbility to determine the initial
radius of the UCA and the nature of its oscillateord collapse. Visual experiments leave
little doubt as to the presence and disappeardneenicrobubble.

Chomas et a[12], using a streak imaging based imaging appro@ecimd
fragmentation for a phospholipid-based UCA whenrtiative expansion reached three
times the initial radius. For their single sinuspidse at 2.25 MHz, 800 kPa peak

negative pressure, this corresponded to microbshbil an initial radius smaller than



2.5 um. They also found increased likelihood ofjfn@ntation for decreased frequency,
increased pressure amplitude, and increased putaéiah.

Bouakaz et al[5], using a high speed camera, observed the eldagas from
double-walled, albumin based UCAs, which escapestensient free bubble. They
reported destruction of microbubbles greater thambat a mechanical index as low as
0.3, while destruction of smaller microbubbles aoed above Ml = 0.6 for 10 cycle
pulses at 1.7 MHz. Using the same setup, Posteiala[86] observed similar behavior
for experiments with single-walled albumin shellé@As.

While there is greater difficulty in interpretatiom signals for acoustic methods,
they also have appealing qualities. One of strenigtithe widespread dissemination of
the technology to make the measurements and theipotential to be practical in a
wider variety of situations than optical methodsogher advantage is greater temporal
resolution. One of the fastest high speed camenasrtly in use, the Brandaris 128, has
an imaging frequency of up to 25 MHz but only oadimme span of 128 fram§g0],
while an acoustic experiment can easily acquira dal00 MHz or higher for relatively
long periods of time.

Shi et al[38] used active cavitation detection to invesigdie destruction of
single lipid shelled UCAs. They found damage udrigMHz, 2 to 16 cycle pulses at a
MI ranging from 0.4 to 1.0. By loosely defining B3 a qualitatively different signal that
disappears after a single tone burst, they detewmiimat IC occurs above a Ml of 1.0.
Church and Carstens§¥] commented that this data indicated stable 8 waccurring

even at the lower MI values since the microbubhlese expanding to more than twice



their initial size, and that the experiment wasststent with an observation of both
stable and transient inertial cavitation.

Chen et al[9], using a passive cavitation detection approdefined the
fragmentation threshold as the pressure at whitdaat 5% of spikes in the time trace
exceeded a certain voltage threshold and the ahedvitation threshold as a sudden
increase in broadband noise in the frequency speetween the harmonics. They
reported that fragmentation produced an increasigeiertial cavitation ‘dose’ of the
UCA population.

Giesecke and HynyndA1] also used the increase in broadband noise as a
method to define their inertial cavitation threshwalhen analyzing the response of
albumin shelled Optison. They proposed an increésae standard deviation greater
than the background noise as the threshold, arattegpthat increasing the frequency
increased the threshold for long (20-100 ms) tamstb.

Yeh and Sy39], using an active cavitation detection systemUdCAs flowing in
a tube, proposed using the ratio of backscattesgapwith and without insonation to
determine the destruction percentages for a gro@efnity microbubbles. They found
an increase in destruction for increased presswesased pulse length, and decreased
frequency, through compared to other UCA studiey #iso reported anomalous results
of 50% destruction at an Ml of about 0.1 and 95%tmetion at an Ml 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 Jj25] showed that passive cavitation

detection with a single focused receive transdu@er a valid method for determining



cavitation characteristics including minimum cobBaghresholds of isolated
microbubbles with both albumin and lipid based kshdlhe presence or absence of a
postexcitation signal (PES), a short, broadbandsion typically occurring 1 to 5 ps
after the principle excitation of the bubble, wagdi to determine destruction of UCAs.
This PES is hypothesized to be the collapse cdadras bubble released from the UCA
and consequently is linked to shell rupture andgient collapse of the UCA.

However, using only a single receive transducemsdiaere is inherent
uncertainty as to the spatial location of the babBince the overlapping confocal region
of the receive transducer occurs across the lateshwidth of the transmit transducer,
there is corresponding uncertainty as to the madaibf the insonifying pressure.
Therefore, difficulty arises when attempting toedatine the transition from few
collapsing UCAs to many collapsing UCAs as the sues increases, since the region to
which the receive transducer is sensitive may Io@vg by 6 dB or greater.

The proposed solution to address this uncertamtiis research is to add a
second receiver aligned with the other two tranedsiarhich will limit the confocal
volume to a smaller region, increasing the unifayrof the pressure which the observed
UCAs are receiving. The signals between the twasttacers must exhibit sufficient
correlation to ensure that the response occursmiitie confocal region; otherwise the

signal must be considered to have originated oaitic relatively small volume.
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2 MATERIALS AND METHODS
2.1 Transducer Characterization and Calibration

Four single element focused transducers (ValpdyeFisHopkinton, MA) were
used to generate the transmitted pulse. The ciatgrencies of these transducers were
0.95, 2.8, 4.6 and 7.1 MHz; all were f/2, with d@neent diameter of 0.75 in. Two single
element focused transducers were used concurtenpigssively receive the signals.
While the center frequencies of these transducers Vabeled as 15 MHz, they were
measured in transmit mode to be 14.6 and 13.8 Nbith were /2, with an element
diameter of 0.5 in. A summary of measured transdcicaracteristics obtained using

established wire scattering characterization proe=sj34] is presented below [Table 2].

Center -3dB -6 dB
Transducer Focal Length
Frequency Fractional Beamwidth at
Model [mm]
[MHZz] Bandwidth [%]  Focus [mm]
Transmit
E1050 0.95 1.98 1.26 39.11
E9812 2.8 12.8 1.27 38.33
E1066 4.6 111 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 Actjarsi

The two receive transducers were placed at a 9fedemngle with one transmit
transducer placed 45-degrees between them in angusigned holder [Figuie1].

This arrangement accommodated their confocal alenrfFigure2.2] while allowing
simple exchange of the transmit transducer oncenttial positioning was complete.

The holder was placed in a Plexiglas tank with disiens 50.5 cm x 25.5 cm x 30.0 cm
which was filled with 25 L of degassed water a¢mperature ranging from 20 to 22° C.
The appropriate concentration of UCAs was addebeadank and the mixture was gently
stirred with a magnetic stir bar to ensure unifaynoif the UCA distribution.

Three cycle tone bursts with a pulse repetitioguency of 10 Hz at the center
frequency of each transmit transducer were gereeraieg a pulser-receiver system
(RITEC RAM5000, Warwick, RI). To achieve the lowgséssure settings, an
attenuation bar (Model 358, Arenberg Ultrasonicdralbory, Boston, MA) was used. To
determine the pressure amplitude of the generategferm, all settings were calibrated
using PVDF hydrophone (Marconi 6999/1/00001/1000G#arconi Ltd.,Great Baddow
UK) according to established proceduj®5s], [40]. It is noted that the pulse length and
duty cycle parameters of the DPCD experiment fahiv the requirements of
applicability of mechanical index criteria, as désed in Sectiorl.6.

Signals acquired by the receive transducers wepdifeed by 22 dB, digitized
using an A/D converter (12-bit, 200 MS/s, Stratefpst digitizing board UF 3025,
Cambridge, MA) and saved to a PC for offline preoes using Matlab® (The Math
Works, Inc., Natick, MA). A block diagram of theroplete data acquisition system is

presented in Figurg.3.
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Figure2.1: DPCD holder.

Water Tank

Confocal

Region
Receive
Transducer
Transmit
Transducer
Receive
Transducer

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 moahg asb0 um diameter wire
located at the center of the confocal red®r]. The two receive transducers were well-
aligned [Figure2.4]. However, the confocal zone of the receivagdacers was not
perfectly aligned with the focus of the transmansducers [Figur2.5], being separated
by 0.28 mm in all cases. Therefore the calibratibthe transmit transducers was
performed both at the center of confocal zone efrédteive transducers and at the focus
of the transmit transducer. The average variatigpeiak rarefactional pressure between
these two regions over the range of settings useldawn in Table 3. All results will be
presented using the calibrated data from the cenftiie confocal region as this is the

more likely location of the UCA.
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Figure2.4: Overlapping confocal region of the receive transisicThis image was created by overlapping
the pulse intensity integral obtained using theeweinaracterization techniq{@7]. The scale is in dB.
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Figure 2.5: Overlapping confocal region of 4.6 MHz transmitiseducer with receive transducers.
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Average PRP Percent Difference
Transmit Transducer Lateral Distance to
Between Confocal Region and

[MHZz] Confocal Region [mm]
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 transmitdducer and confocal region of receive
transducers.

2.4 Ultrasound Contrast Agents

The contrast agent used in these experiments wWiasity® (Lantheus Medical
Imaging, N. Billerica, MA). The outer lipid shelf ®efinity consists of (R) —
hexadecanoic acid, 1-[(phosphonoxy)methyl]-1,2-e¢ddyl ester, monosodium salt
(abbreviated DPPA); (R) - 4-hydroxy-N,N,N-trimetkid-oxo-7-[(1 oxohexadecyl)oxy]-
3,4,9-trioxa-4-phosphapentacosan-1-aminium, 4-gxideer salt (abbreviated DPPC);
and (R)e-[6-hydroxy-6-oxido-9-[(1-oxohexadecyl)oxy]-5,7,1dexa-2-aza-6-
phosphahexacos-1-yk-methoxypoly(ox-1,2-ethanediyl), monosodium salt
(abbreviated MPEG5000 DPPE). This shell encases@fiuoropropane (§s) gas core.
According to the package insert, the reported nut@meter range of Definity is 1.1 to
3.3 um with 98% having a diameter less than 10 pum.

To run the experiments, Definity was activatedhiea standard way using a

VialMix® for 45 seconds. The reported concentrawdmefinity is 1.2 x 16°
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microspheres/mL. Therefore, in order to isolatengle microbubble, the Definity was
diluted 1:5 and then 0.05 mL was placed in the 2&nk, corresponding to 4.8 x°.0
bubbles/mL, or less than 1 bubble per the overtapgs dB confocal volume of the two

receive transducers (estimated to be approximatés7 mn).

2.5 Signal Analysis

The acquired signals were processed to remove thedmponent from the
signal and then low pass filtered with cutoff freqay 20 MHz to remove undesirable
system noise. Experimental system noise threshadtds determined by collecting 50
signals with no UCAs present prior to each expentne

The analysis of transiently collapsed UCAs verssliatory, noncollapsed
UCAs depended on the relationship of two charastierieatures of the acquired signals.
The principle response was defined as the iniahtonic response of the microbubble
lasting in duration up to the length of the trartsmal pulse. The postexcitation signal
(PES) was defined as a secondary broadband respeparated in time from the
principle response, typically 1 to 5 ps latg, [25].

While there should be on average only one UCA pafaral volume at any time,
this does not preclude the possibility that theey mot be exactly one microbubble
present in the region. Therefore, the receivedadsgmust be classified to eliminate those
which do not contain a single bubble. Seven categavere used for classification: (1)
no bubbles, (2) multiple bubbles, (3) single bulilé of confocal region, (4) single
bubble with PES in only one channel, (5) singlelelwith PES in both channels, (6)
single bubble with no PES, or (7) unknown. Wheigaa obviously belonged to one of

the first three categories, it was automaticalisslfied; all other classification was done
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manually. In a typical experiment, approximatel$®0f acquired signals were
automatically classified, the bulk of these coritegronly noise in one or both channels.
Of the remaining signals, approximately 10% wer@uadly classified as signals
containing a single microbubble within the confoeaion. The characteristics used to

classify each signal are presented in the follovsacgtions.

2.5.1 No bubbles

A signal was classified as containing no bubblesmife only portion of the
signal greater than the noise threshold was detexdrtio be random noise [Figu2e5]. If
no portion of the signal was greater than the nihiseshold, the signal was automatically

classified in this category. These signals werduebed from further analysis.

2.5.2 Multiple bubbles

A signal was classified as multiple bubbles witthia confocal region when there
were two or more responses separated in time [ERUL, or when the principle
response was significantly longer in duration tttmeasured transmit pulse at the
focus [Figure2.8]. For example, at 2.8 MHz, the duration of @y8le pulse is
approximately 1 us; if the principle response wass3ong, it was considered to have
originated from several bubbles in close proximityhe duration of signal greater than
the noise threshold exceeded 3 to 4 times theidaraf the measured transmit pulse, the
signal was automatically classified in this catggdihese 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 principleaesp, but that response was
widely separated in either time [Figu2e] or magnitude [Figur2.10], the UCA was
considered to be outside the confocal region ofweereceive transducers. If the lag
time for maximum correlation between the two chdsmegceeded 1 us, or if the ratio of
maximum values between the two channels exceedée Sjgnal was automatically

classified in this category. These signals werdugbed from further analysis.

2.5.4 Single bubble with PES in only one channel

When each channel displayed a single principlearsp, but one channel
contained both a principle response and PES windl@ther channel had only a principle
response [Figur@.11], the signal was classified in this categ®gssible scenarios
which could explain this type of signal include tiple bubbles picked up separately by
each receiver, a single bubble out of the confoegibn such that the PES was only
received by one channel, or a single bubble whatlagsed with exceptional asymmetry.
Due to the large degree of uncertainty as to tbpgrclassification, these signals were

excluded from further analysis.

2.5.5 Single bubble with PES in both channels

When both channels displayed a single principlparse followed by one or
more PES responses, while satisfying the requirésrerbe within the confocal region,
the bubble was considered to have collapsed traths{€igure2.12]. 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 principlpoase without any
accompanying PES signal, while satisfying the remqnents to be within the confocal
region, the bubble was considered to have osdllata-transiently [Figurg.13]. These

signals were included in the analysis as non-cseédpnicrobubbles.

2.5.7 Unknown

Any signals which did not fit into the above catege were classified as
unknown. The most common example of such a sigaalawsingle broadband spike,
without any secondary rebound [Fig@wd 4]. According to the classification schema, it
was not possible to determine whether such a paksents the transient collapse of a
UCA, a cycle of the oscillatory behavior of a nearsient UCA, the collapse of a free

gaseous bubble, or something else. These signaésexeluded from further analysis.
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2.6 Logistic Regression

The method of classification used in this studyimed a straightforward
criterion to determine collapse based on the peEsenabsence of a postexcitation signal.
By comparing the number of signals exhibiting PE®ath channels to the total number
of signals classified as single bubble, the peroéttansiently collapsing bubbles for a
particular transmit frequency and pressure ammiisdiefined as

Percent Collapse PES in both channels x 100. (2.2)

PES in both channels + No PES

A common approach to fitting data with a discréieary outcome variable is

logistic regressiof28]. The basic form of the logistic model is

0o +aX

eD

P(X) = ———~. (2.2)
1+ glo+ax
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whereP(x) is the outcomex is the independent variable, and the coefficienndas

are estimated using a maximum likelihood methodhéhnDPCD experimentg,is

chosen to be the peak rarefactional pressure (BRIB(x) x 100%corresponds to the
percent collapse at a given PRP. By fitting theegixpental data points with a logistic
curve, estimation of various percentage threshoid®llapse may be determined, as in
the manner of determining an effective df&#. For example the 5% collapse threshold,
the pressure level at which 5% of all UCAs woultlibx PES, was determined by

solving Equation (2.2) fox,

Iog( 0.05 j_a
1-0.05) °

% = 2.3
X a 2.9

The standard error for these collapse thresholdsapproximated using a first
order Taylor approximation,

Y2

O, 0%y, Oy Xy |

s )g)[[% % fou, ) 2 %” 2
0 1 0 1

wherecov(X%y) was the covariance matrix returned from the maxrntielihood fit.

It is expected that at a peak rarefactional presstizero (i.e. no transmitted
pulse), the number of UCA collapsing transientlystngo to zero. However, no acoustic
signals are able to be collected at these low pressTo account for this constraint on

the fit, a transformation of the regression vaeabhs used

z=log(x—-T) (2.5)
P(Z) = ° Oa iaz ' (26)
1+eh™™
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Note that with this transform, the probabilityaafilapse will go to zero as the
peak rarefactional pressut@pproaches the threshdidO.

It is also expected that while PES is indicativesloéll rupture and transient
collapse of the bubble, the converse is not nedéstae. A bubble may transiently
fragment such that the gas content is not of &alisize and diffuses into the liquid
without a violent rebounflt]. Therefore, 100% collapse is not directly egént with
100% PES, which may never be reached for givenstimoparameters as PRP increases.

This physical motivation leads to a modified logishodel

Q eao +ayz

P(2 =
( ) 1+e‘70“712

2.7)

whereQ is the maximum observed percentage of PES Q < 1). Note that this

definition means the highest observed percentag&8&fis equivalent to 100% collapse
when defining the percentage collapse thresholds.

The regression analysis using the model presentBduations (2.3) - (2.7) was
implemented using the Matlab function gimfit toetetine the percentage collapse
thresholds. Using the fitted logistic curves, ttendard deviation for the experimental

data points is estimated using the binomial stahdawiation formula

P(x) (1~ P(X)

SD(X) :100x\/ NOY (2.8)

whereP(x) x 100%s the estimated percentage of collapseMfjis the total number of

signals at a given pressure.
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2.7 Simulations

In the DPCD experiment, UCAs are classified basethe acoustic signals after
the point of shell rupture and transient collajg3errently, no existing theoretical model
endeavors to describe the response of the UCA buighylond this limit, where
fragmentation, breakdown of symmetry, and othéfiadilties are occuring. However,
numerous models do exist which attempt to accaumhk effect of the shell on a gas
bubble during oscillatory behavior, most of whidsame small amplitude, linear
oscillatory condition$8], [13], [16], [32].

The goal of the simulations was not to accurateplicate the complex dynamics
of a collapsing, fragmenting, and rebounding buplale was rather to see if the
thresholds obtained from the rebound signal assatiaith shell rupture could be linked
to a relatively simple model as in the case ofitiegtially collapsing free bubble. To that
end, the Marmottant modg1] was determined to be the best choice. The M#ant
model was designed to describe the large ampligmegrically symmetric response of a
single, thin shelled UCA in terms of a varying sué tension. The time varying radial

amplitude of the shelled bubble is given by thelBigh-Plesset-like equation

pngng:( E+M][_TK( 3,(% 20(R) 4,uR 4K, R_ P p()

R
(2.9)

wherep is the density of the surrounding mediuPg s the ambient pressureis the
speed of sounqy is the surrounding liquid viscosity,is the polytropic gas exponent,
andxs is the monolayer surface dilatational viscositie Bize dependent surface tension,

o(R), is given by
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O If RS Ruckling

R? ,
J(R): X( 2 _1} If Rucklings RS I%reakup (210)

uckling

O, 1T ruptured andk = Rruptured

wherey is the elastic compression modulus.

Values used for each of the parameters in the simoul are listed in Table 4.
Note that theRypwreaWas considered to be the sam&@gsawp Mmeaning that (1) the
surface tension of the bubble was equal to thatadér during the expansion portion of
the cycle except for a small linear region aroBgdand (2) the shell was allowed to
‘rupture’ and then re-coalesce upon contractiothéxmanner of a thin lipid membrane

separating into rafts without ever breaking apatirely.

Parameter Value Source/Description
p 998 kg/m Water at 20° C
Po 101 kPa Atmospheric Pressure
c 1481 m/s Speed of water at 20° C
M 0.001 Pas Viscosity of water
Owater 0.073 N/m Surface tension of water
K 1.07 Octafluoropropane
Ks 0.398e-9 N Definity22]
x 0.855 N/m Definity[22]
Rouckiing 1.98"R, Lipid shell[31]
Riuptured Roreakup n/a

Table 4: Summary of values used for simulations.
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The acoustic pulsd’,c were generated using a windowed sinusoid function t

simulate the rise and ring down time of the trasduThe windowing function is

t
——~= fort<T,

-1+e
wn(t) = ( (2.11)

-e ©  forT, < t< 5[,

described by

0 forp, <t

whereTy is the period of the waveform multiplied by thenwrher of cycles (in these
simulations, three). A comparison of the simuladad measured waveforms is presented
in Figure2.15 and Figur@.16. It is noted that at large acoustic pressuhestrue
waveform becomes highly asymmetrical with a greatenpressional than rarefactional
phase, whereas the simulations assume approximaadity of the two.

The simulations were run varying initial radii frddril pm to 10 pm in
increments of 0.1 um and varying peak rarefactipnegsure from 0.1 MPa to 10 MPa in
increments of 0.1 MPa for each of the four frequesiased in the experiment: 0.95, 2.8,
4.6, and 7.1 MHz.

In order to properly weight the responses of theigted radius-time curves, a
crucial piece of information is the distributionraiii. As there was no precise
knowledge of the UCA size during the experimeng, distribution was idealized by a

Gaussian approximation for a window of length N+1.

2
w(n) = exp —l(aij : Whereﬁs nsﬂ (2.12)
2 N/2 2 2
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The approximation was based on size distributidimeses from images acquired
by a light microscope [Ma unpublished]. The meadwiee distribution and the Gaussian
approximations centered at 1.2 um withhosen to be 22 and 34 are shown in Figure

2.17.
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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.
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Figure 2.17: Definity size distribution. The bar histogram reggats the measured radii. The green and
blue lines represent Gaussian distributions cedtatd.2 pm, witle = 22 and 34 respectively.
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3 RESULTS
3.1 Definity Experimental Results

For each frequency and pressure level, signals ealected and analyzed until
approximately 20 signals were classified as eiimggle bubble with PES in both
channels or single bubble with no PES [Table 5k €kperimental percentages of
collapse and results of the logistic regressionetitting as described in Secti@b are
presented in Figur®.1 — Figure3.4. Figure3.5 shows the 5%, 50% and 95% thresholds
of collapse, and these values are listed in Table 6

Due to concerns about the robustness and reljabilimanual classification, a
second, independent classification of Definity \wasformed by a different individual.
The independently analyzed signals formed a pbriaierlapping set with the original
signals. These results are shown in Fighethrough Figur8.9, with the collapse
thresholds shown in Figu®10 and these values listed in Table 7.

The thresholds values versus the mechanical indegheown in Figur&.11 and
Figure3.12, with corresponding values are listed in T&b#nd 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

Table5: For each frequency, average number of signalsifietbas good at each pressure level and
minimum number of signals as good at any one predesuel, including both initial and alternate

classifications.
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Figure 3.1: Definity, 0.95 Hz, plotted as percent of signalkibiing postexcitation (PES) against peak
rarefactional pressure (PRP). The asterisks (esgmnt experimental data, plotted with an estimated
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Figure 3.2: Definity, 2.8 MHz.
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Figure 3.3: Definity, 4.6 MHz.
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Figure 3.4: Definity, 7.1 MHz
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Figure 3.5: Definity percentage postexcitation thresholds,tptibfor peak rarefactional pressure (PRP) vs.
frequency.

Frequency [MHZz] 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 slgrexhibiting postexcitation (PES) against
peak rarefactional pressure (PRP), for the alteralassification.
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Figure 3.7: Definity, 2.8 MHz, alternate classification
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Figure 3.8: Definity, 4.6 MHz, alternate classification
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Figure 3.9: Definity, 7.1 MHz, alternate classification.
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Figure 3.10: Definity percentage postexcitation thresholdralate classification.

Frequency [MHZz] 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)

Table7: Thresholds of collapse, determined from alterctssification.
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Figure 3.11: Definity PES thresholds plotted on Ml scale.
Frequency [MHz] 5% (S. E.) [M]] 50% (S. E.) [MI] 96 (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 Ml scale.
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Figure 3.12: Definity PES thresholds plotted on Ml scale, altgenclassification.
Frequency [MHz] 5% (S. E.) [M]] 50% (S. E.) [MI] 96 (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 classition.
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3.2 Definity Simulation Results

3.2.1 Radius-Time Curves

The Marmottant equations (2.9) and (2.10) wereesblvumerically using the
Matlab Runge-Kutta ordinary differential equatiatver ode45 for the range of
parameters specified in SectidrY. The radius-time curves show the expansion and
contraction of the simulated microbubble in resgotasthe acoustic pulse [FiguBel3].
Note that at high acoustic pressures, the resgoesEmes asymmetrical with large

expansion and contraction to a point of discontinui

R/RO

R/RO

0 1 1 1 1 1 1 1 1 1

0 1 2 3 4 5 6 7 8 9 10
Time [us]

Figure 3.13: Marmottant simulated radius-time curves for DefinBoth curves are for frequency 2.8 MHz,
Ry =2 um. The PRP of the upper figure is 200 kPalerthie 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 inertallapse of free bubbles presented
in Sectionl.5, the criterion for UCA collapse in the simubsis was chosen to be

maximum radial expansion

_ Maximung R ))_ 3.1)
Ry

Riax

The results of the Marmottant simulation showing thaximum radial expansion
as a function of the initial radiu&{) and peak rarefactional pressure (PRP) are pextent
in Figure3.14 through Figur8.17.

By weighting the simulation results by a size dusttion, the percentage of
bubbles reaching a threshd®d.« value while increasing PRP across the range aff rad
can be calculated. Then these percentages canvaiéhfthe logistic model in the same
way as was done for the experimental data. Theieneted to compare the two sets of
curves was minimization of the mean square err@gMbetween the normalized
experiment and simulation curves. Results fromsthrilation error while varying the
center of the Gaussian cun®ene; and the collapse threshoRlyax are shown in Figure
3.18 and Figur&.19 for a broader and narrower size distributrespectively. A
demonstration of the quality of the fit fBenter= 1.2 um, size distribution parameter

22, andRyax= 3.4 is shown in Figurd.20 through Figur8.23.
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Figure 3.14: Definity simulation, 0.95 MHz. Maximum radial expon R, is plotted as a function of
initial radius in pmRy,, along the horizontal axis and peak rarefactipnassure (PRP) in MPa along the
vertical axis. The color gradient indicaf@s,, dark blue indicateR,.x= 1, and dark red indicat&,a;> 5.
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Figure 3.15: Definity simulation, 2.8 MHz.
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Figure 3.16: Definity simulation, 4.6 MHz.
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Figure 3.17: Definity simulation, 7.1 MHz
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Figure 3.18: Simulation error (MSE), as a function of the cemtethe Gaussian size distributi®g-and
the threshold radial expansi®&,,. The Gaussian parameter is 22, indicating a broader size distidio.
Dark blue indicates a better fit, while dark redigates a worse fit.
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Figure 3.19: Simulation error (MSE). The Gaussiamparameter is 34, indicating a narrower size
distribution.
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Figure 3.20: Definity simulated and experimental collapse cun@85 MHz, plotted as percent collapse

for experiment and percent exceedRigythreshold for simulation against peak rarefactigmassure

(PRP). The simulated curves corresponBi@er= 1.2 andRhax= 3.4 in Figure3.18. The dotted line
represents the normalized experimental logistigeufhe *' indicated the percentage ., which

exceed the threshold in the simulation, and thiel $iok is the logistic curve fitted to these paint
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Figure 3.21: Definity simulated and experimental collapse cun2e8 MHz.
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Figure 3.22: Definity simulated and experimental collapse cuyve§ MHz.
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Figure 3.23: Definity simulated and experimental collapse cuyve$ MHz.
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4 DISCUSSION

4.1 Discussion of Experiment Results

4.1.1 The Postexcitation Signal

The results for Definity indicate that the percegetaf occurrence of a
postexcitation signal increases from zero to soragimum as the peak rarefactional
pressure is increased while holding other insongyparameters constant. This trend, in
combination with the linking of PES to shell rugtwof the UCA, suggests that the PES
can be used to experimentally determine collapsshiolds of single isolated UCAs.

The insensitivity of the receive transducers tedinoscillations of the UCAs
suggests that it is likely that many of the obsdrgeents, particularly at the highest
pressures, can be considered inertial cavitatientduadial expansion. The expectation,
therefore, is that this DPCD setup not only digtisges ruptured from non-ruptured

UCAs, but also transient IC from stable IC throdigé observation of PES.

4.1.2 Mechanical Index

When comparing the collapse thresholds with thehaeical index (M), it is
noted that the lower frequencies exhibit a smait@etage of collapse even at low M
below 0.5 and over 50% collapse above MI = 0.6. fhibesholds for the higher
frequencies are greater, around MI = 0.6 for sptentages of collapse and above M
=1 for 50% collapse. Nearly all Definity microbués are collapsing below an Ml 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 cloudskafbbles

It is emphasized that the collapse thresholds oéthior single UCA collapse
thresholds do not directly correspond to collapsesholds obtained for multiple bubbles
or clouds of bubbles. Many complicating factors puesent within clouds of bubbles
which alter the pressure field of the fluid mediufor;example, a bubbly cloud is
strongly attenuating, especially near the resofraquiencies of its constituer{&0].
Additionally, the assumption of uniform pressurdéiksly to also break down,
particularly for high concentrations of UCAs, doestattering and the fact that each

bubble must also be considered an acoustic s¢dit¢e

4.1.4 Discrepancies between the two classifications

For two of the four frequencies, 2.8 and 7.1 MHzthizhe original and alternate
classification obtained very similar results. Thiees two frequencies, 0.95 and 4.6 MHz,
showed significant differences in the determinedgholds. Computing the percent error
of the 5%, 50%, and 95% PRP thresholds as

Alternate— Original
Original

%Error =

x100% 4.1)

shows this very clearly, as seen in Table 10.

There are several factors which may account ferdiscrepancy. As noted earlier
the analyzed data sets were not identical; howeivey, were greatly overlapping in all
cases except for the 0.95 MHz. It is expecteditidavidual trials will show some
variation in the microbubble population; moreovas tpopulation may change over the

course of the experimefit1].
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A more significant issue is the application of #gnal classification guidelines.
While manual classification has a certain configeand should be used to guide any
classification efforts, it is by no means infalebldeal cases which cleanly fall into one
of the seven identified categories are not the nonany signals require a ‘best guess’ by
the human classifier and thus the classificati@tess is prone to malleable categorical
definitions both interpersonally and intrapersonalrer time. Potential solutions to
reducing the variability of the human element ideuetter application of signal
processing techniques, or introduction of vari@asing algorithms based on signal
features. The successful application of supportoranachines (SVM) to the PES

classification problem has already been demonst{asg.

Frequency [MHZz] 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 tvssifieations.

4.2 Discussion of Simulation Results

Analysis by logistic regression implies that witihe outcome is discrete (the
microbubble either collapsed or did not), thera latent or unobserved variable which is
not accounted for in the analysis. With all bubdohel acoustic field parameters
determined by assumptions mentioned above, thelatdyt variable for the experiments

and simulations is the initial size of the bublilg,
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The figures showing the radial expansion as a fanaif Ry and PRP
demonstrate that at low frequency, a broad rangeitadl radii grow to a given threshold;
as frequency is increased, this range narrows laiftd spward in PRP. As read in the
direction of increasing PRP, higher frequenciesiireggreater pressures for a typical
distribution of UCAs to reach a given thresholdt®&that these surfaces share a
phenomenological similarity to the calculationsAqifel and Holland for a free bubble
[3], as should be expected given the Marmottantehofilarge amplitude behavior as
essentially a free bubble.

The minimization of MSE between simulation and ekpent yields several
interesting observations. Larger, more broadlyriisted populations of UCAs do not
need to reach as high radial expansion thresholdsatch the PES thresholds as smaller,
narrower ones. When a representative size distoivaind threshold is chosen, it is noted
that the fit is not uniformly successful acrossfiEtjuencies. Thus a better optimization
might be improved by choosing different valuesdach frequency rather than lumping
all four together. However, doing so would negdsivenpact the ease of interpretation.

An important point to explicitly mention is thatetlsimulation and the experiment
do not compare two like criteria. Whereas the expent measures postexcitation which
is linked to shell rupture, the simulation measueshkal expansion which is linked to
inertial cavitation (IC). That there exists a dirkick between shell rupture and IC of the
UCAs is merely the hypothesis made when compahadwo results. Nevertheless, it is
a reasonable hypothesis since experimental obgamgathow that the likelihood of both

PES and IC increase as pressure increases foea g@t of acoustic parameters.
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The fact that error is minimized between the simoilaand experimental results
when the radial expansion exceeds 2, widely reeeghas a lower bound for inertial
cavitation of free bubbles, suggests that IC isctngse of shell rupture leading to
postexcitation. The PES thresholds, thereforegguevalent to transient inertial
cavitation thresholds for UCAs. Again, the distiontis drawn between transient and
stable IC thresholds, which are presumably at @nedidial expansions and remain

undefined by the PES criterion.

4.2.1 Discrepancies between simulation and experimeasallts

There are numerous assumptions made throughosinth#ations which are
expected to account for incongruities when compgwith experimental results.
Foremost of these are the assumptions of the M&antanhodel, namely spherical
symmetry and piecewise, size-dependent shell tenki clear at the very least that
under experimental conditions of shell rupture esgal symmetry is no longer a valid
assumption. Furthermore, while the fluid paramedéthe gas core and surrounding
medium are well characterized, the lipid shell pagters are not, particularly at such
extremely thin scales. The values used in this pagpebased on measurements made
under assumed linear conditions from attenuatiggeements. Under nonlinear
conditions, there is no guarantee that these valteestill applicable. It might be
expected, however, that since the shell is consttmtact for only a small portion of the
overall cycle, small variations in these valued hd@ve only a minor effect on the
maximum radial expansion for large amplitudes ailtagion. A third simulation
assumption involves the pressure field itself. €perimental waveforms for the high

pressure settings acquired at the focus were hagyynmetrical, featuring a greater
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compressional pressure than rarefactional pres§bre asymmetry was not replicated in
the pressure field of the simulations. Nevertheldédbe rarefactional pressure is the
dominant factor in the growth of the microbubbletsize allowing for the inertial
collapse, then this disparity would not be expettechake a significant difference in the

results.
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5 CONCLUSIONS

Double passive cavitation detection was appliesingle ultrasound contrast
agents to determine transient collapse. Trans@idpse was defined by the presence of
postexcitation in the acoustic signal, associatid the rupture of the shell, following
the principle response of the UCA. Short pulse tlenigw duty cycle pulses across a
range of pressures and four frequencies were as@ddnify the microbubble.

The experimental results showed that the DPCD tquakrieads to anticipated
outcomes, validating its usage for determiningaqk thresholds. The results yielded
trends in increasing percentage of single bubbtagh#ing postexcitation as peak
rarefactional pressure increased for each frequétigher frequencies corresponded to
higher necessary PRP to achieve equivalent pegents collapse, following a trend
which roughly corresponded to the mechanical iralgproximation; however, low
frequencies showed significant collapse activityefinity below the assumed
theoretical cavitation thresholds from the MI, dersioating the limitations of that model
in describing the transient behavior of UCAs.

Simulations using the relatively simple Marmotterddel were used to compare
experimentally obtained PES thresholds of UCAs &ximum radial expansion of the
microbubble. Since the error between the simuladioh experimentally generated curves
was minimized aRnaxthresholds equal to or greater than inertial eéiaib thresholds for
free bubbles, the shell rupture thresholds wem idisntified as transient inertial

cavitation thresholds, a result consistent withakperimental observations.
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