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CHAPTER 1: PURPOSE OF THESIS

The purpose of this thesis is to examine how thehaeism of microstreaming
affects ultrasound-enhanced thrombolysis. Thesdl gasbodies, when oscillating,
displace small amounts of the media surroundingtlegeating rapidly moving streams
around the surfaces. These small, rapidly movirgpsts are termed microstreams. It
has been proposed that the main contributor téhtteenbolytic effect of ultrasound lies
in the shear stresses that oscillations of gaslbslabeate.

This thesis uses Definity®, a lipid-based ultragboantrast agent, in an attempt
to exaggerate the effects of microstreaming amutdwide definitive evidence that
microstreaming is, in fact, responsible for ultiasd thrombolysis. It should be noted
that the terms “microbubble” and “contrast agenifl e used interchangeably.

This thesis begins with a brief introduction ofratound and its history leading
up to today’s uses, both for therapeutic and inggurposes, followed by an
explanation of what a thrombus is, how it is formaald why thrombi can be dangerous
if left untreated. Finally, the results of thiseasch are presented and conclusions
drawn based on what the data suggest.

Combined with existing research in this area, a approach to treating
vascular thrombosis may be developed and utilinedlinical applications. The
importance of having such knowledge, along withghssibility that it may positively
affect a person’s health, is a strong motivatingdafor this thesis and for continuing

research.



CHAPTER 2: INTRODUCTION TO ULTRASOUND

2.1 Beginnings of Biological Ultrasound

The idea of emitting a sound wave in a medium dsknving its echo was first
explored in the early 1800s by Jean-Daniel Colladdro used an underwater bell to
determine the speed of sound in water (O’Brien 200 e fundamental physics of
sound, waves, and their propagation were more fallyized after the publication of
Lord Rayleigh’s,The Theory of Sound 1877 (Rayleigh 1945). Though Rayleigh’s
paper was not the first to describe sound as a-wd#vat was done by Sir Isaac Newton
in his 1687Principia MathematicgNewton 1678)—it was the first to describe sound
waves with a mathematical equation and establiietiasis of future studies in
“modern” acoustics and an understanding of soungewpatterns and transmission. In
the later 1800s and early 1900s, studies in sonddeflection began to be deeply
investigated. The ability to generate ultrasonitsgs based on physical and mechanical
stressing was discovered by Pierre Curie and loither, Jacques Curie, in 1880. Their
ability to apply an electric potential across artparystal and observe a mechanical
pressure wave formed the basis for future recemtidngh-frequency ultrasound
(Cobbold et al. 2007).

During the early 1900s, a French scientist, Panlain, invented the use of
underwater sound, called sonar, for submarine tieteand navigation (O’Brien 2007).
His technique, which utilized the piezoelectricds&s of the Curie brothers, was
perhaps the first use of low-frequency (50 to 2B@kultrasound for underwater object

detection. His invention of the quartz-sandwichams$ducer was a milestone for



modern ultrasound devices, and subsequently, iitifne that its potentially
damaging effects to biological tissue were recordtedreported that “fish placed in the
beam in the neighborhood of the source operati@asmall tank were killed
immediately, and certain observers experiencedrdypdensation on plunging the
hand in this region” (Largyin 1920). His research is thought by many to Haictthe

groundwork for the study of the bioeffects of ustband.

2.2 Basic Ultrasound Principles

Ultrasound can be defined as mechanical soundyreessves with frequencies
above 20 kHz (Cobbold et al. 2007). The audiblgedior humans is generally
considered in the range of sound frequencies bet®ed1z and 20 kHz, below the
ultrasonic range. Figure 2.1 outlines the genamahd spectrum with its frequency-
dependent ranges. The therapeutic frequenciedtfasound are considered between 20
kHz and 1 MHz, while frequencies for ultrasoundgtiastic imaging are generally

greater than 1 MHz.

Infrasound Audible Ultrasound

Therapeutic Imaging

A A A :
T A T

20 Hz 20 kHz 1 MHz

Figure 2.1. Sound spectrum.

Modern-day generation of ultrasound pressure watikses concepts to those

used by Langévin in the early 1900s. The discobgri?ierre Curie and Jacques Curie



in 1880 has since been exploited and extrapolateévelop high-frequency sources,
linear arrays, and single-element sources, asasadther highly advanced ultrasound
devices.

Piezoelectric crystals are grown under condititias &llow them to achieve a
certain resonant frequency, referred to as theecdér@quency of the transducer. Under
the application of an electric field, the crystadperties change, resulting in the crystal
structure contracting or expanding (Cobbold e2@07). What is referred to as “the
inverse piezoelectric effect” was predicted andeolsd by Lippman in the 1880s
following the Curie brothers’ discovery. Having gno crystals in desired patterns,
researchers have been able to generate simpleesgleroents that emit pressure waves
at frequencies specified by the growth of the aigstThis application of
piezoelectricity is the modern basis for ultrasodeglices and continues to improve as
newer materials are discovered and as more-effitamication processes are

developed.

2.3 Generation of Ultrasound

The generation of an ultrasound wave begins witblactrical signal sent by a
signal generator to the electrical connection efttansducer. This electrical pulse
excites the piezoelectric material within the tidunser, which causes it to contract or
expand, depending on the sign of the pulse. Sidaspulses with positive and negative
electrical signals cause the piezoelectric matésiakpand and contract at the
frequency of the sinusoidal input, usually the resu frequency of the material, which
allows the material itself to most efficiently déaie and thus give maximum

amplitude. As the electrically stimulated mateegpands and contracts, the surface of



the transducer pushes out or in, causing a distagom the media that it is exposed to.
In the case of sound speakers, which are exposad the diaphragm moves air at
specific frequencies, which reaches the ears apdriived as specific sound. In water,
the effect is the same; however, instead of moginghe piezoelectric material moves
sound pressure waves through water. At the fundahlewel, particles move at the
frequency of the source. The mass movement ofgiestis enough to create a
propagating pressure wave.

The pressure wave can be classified into one ofdi¥ferent categories,
depending on its particle motion and the matemiapprties in which it is traveling.
Longitudinal waves have particles that move baakfarth relative to the direction of
propagation and travel in all types of materialghsas gases, liquids, and solids. This
IS in contrast to shear waves, which have partitlasmove at right angles with respect
to the direction of the propagating wave and travdy through solid media and not
found in fluids (O’Brien 2007). Figure 2.2 showsahematic representation of the two

different types of waves that can be generated @imusoidal input.
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Figure 2.2. (a) Longitudinal wave, (b) shear wgeg sinusoidal input (O’Brien, 2007).



Within medical ultrasound, two types of modes aedito generate ultrasonic
waves. The continuous excitation of the transdateonstant amplitude creates a
continuous wave at the source frequency (O’Briedi720This wave, termed a
continuous wave, or CW wave, has the ability tovéellarge amounts of energy but at
low axial resolution for imaging purposes. The otfpeneration mode is to send signals
in a pulsed manner. This wave, termed pulsed whxasaound, or PW, is more often
used in imaging; it has lower intensity but mucktdéreaxial resolution. Certain
parameters can also be changed with pulsed ulindssuch as the number of cycles
per pulse, the amount of time that the pulse iftsrpulse duration), and the fractional
amount of time that the pulse is active (duty fectdhe relationship of the pulse
durationf , to the number of cycles, N, and its frequenayiven by Equation 2.1

(O’Brien 2007):

t=NT=—. 2.1)

Figure 2.3 shows the differences between a contisiwave and a pulsed wave
at an operating frequendyA single-cycle pulsed wave has a single maximum
amplitude peak and single minimum amplitude peakoAtinuous wave contains an
infinite number of maximum and minimum amplitudekg; a continuous wave is
simply an infinite-cycle pulsed wave. As seen igufe 2.3, the continuous wave
maintains constant amplitude over time, only chaggjis sign from positive to negative
with respective peaks and troughs. The positiveque amplitude, also called the peak
compressional pressure, Bnd the negative pressure amplitude, also cHilegeak
rarefractional pressure;,Rire the same value, provided the propagationdelinear

conditions. This is contrast to the pulsed wavegngtihe Pand the Pare different in



amplitude as a result of natural dampening afféldte. time it takes for the crystals to

stop vibrating after they’'ve been excited is knasri'ring down” (O’Brien 2007).
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CHAPTER 3: THE COAGULATION CASCADE

When a wound is severe enough to sever blood \weasdldamage epidermal or
connective tissues within the extracellular matiive first response, hemostasis
prevents further bleeding and limits infection leakng the wound by way of a
complex mechanism that leads to the formationtdbad clot. The mechanism behind

blood clotting has been studied in depth and i$ wederstood.

3.1 The General Coagulation Cascade

Blood coagulation, which leads to the formatioradibrin clot, has two
classification pathways, the extrinsic and intiinsathways. Thextrinsicpathwayis
defined as a pathway initiated when tissue fae®@ybstance not found within the
circulating blood, enters the system. Tissue faatost often includes phospholipids
that provide a surface for interaction of variolatting factors. The other pathway, the
intrinsic pathway contains all the factors necessary for clot faromawithin the
circulating blood, meaning that nothing extra iseaed to initiate the pathway
(Harmening et al. 2002). Both pathways eventuafdlto generation of the enzyme

thrombin, converting fibrinogen to the final fibrahot.

3.1.1 Initiation in Response to Vascular Injury

The first step of the general coagulation cascadled formation of platelet
clumps, followed by vasoconstriction, then finalye formation of a fibrin clot. The
initiation of the clotting cascade begins with ldguerfusion through the wound, which
cause the cells in the wall of the injured bloodset to release adenosine diphosphate,

ADP, which in turns causes clumps of plateletsdioesie to the site of the injury



(Stocum, 2006). Platelets are small particles withmuclei that bud off from
megakaryoctye cells and circulate in the body, ipgya major role in the clotting
process. Blood is kept from clotting in the absewniceascular injury by inert precursor
first-phase clotting factors such as factor V, AGbglin, factor IX, and PTC.
Combined with the presence of natural inhibitorgtdéas such as Hageman inhibitor or
natural circulating anticoagulants such as hepatatglet clumping and clot formation

are regulated and minimized (Levi et al. 2004).

3.1.2 Full Clot Formation

After a vascular injury, the wound site releasesPAdhd platelets begin to
aggregate. The platelets then begin to degranatateresult of their exposure to
collagen in the walls of the injured vessels angseahe release of ADP, which, in turn,
attracts more platelets. This positive feedbackesydegins to attract other clotting
factors such as arachadonic acid, which eventpédlys a role in pain, fever, and the
inflammation responses. Other factors such asfigen, thrombospondin, and
fibronectin are attracted to the wound site as.\idlkese factors act as ligands for
platelet aggregation. When these factors comeliegethe resulting substance is a
gluey adhesive that eventually plugs the defettéwvessel wall, much like a carpenter
repairing a hole in a wall (Stocum, 2006).

Vasoconstrictors such as thromboxane A2 and sdrotoa released from
injured nerve axons, which limits the amount ofdaldlow into the wound, thus
reducing the amount of total blood loss. The nenlss release substance P, a
neuropeptide that causes mast cells in the deosdranulate, which releases

histamine. Histamine has been shown to increaspdimeability of vessel walls (Levi



et al. 2004). This increased permeability allowsspia to leak into the wound area.
Blood plasma presence is essential in wound heblkeguse it contains coagulation
factors that further induce clot formation (Carraebt al. 1997).

Continuing the clotting cascade in the developneé¢at full fibrin clot is
Hageman factor VII, which has been proven to unoleantact activation with
prekallikrein in the presence of a high moleculaigited cofactor and a negatively
charged surface such as kaolin (Hojima et al. 1984yeman factor VIII begins by
initiating a cascade of reactions involving clagtifactors | through XlI with calcium
(C&) as an essential cofactor. Tissue factor, whigitésluced at the end of the
clotting cascade, converts prothrombin to its &cform, an enzyme called thrombin.
Thrombin then catalyzes a conversion of plasmanitgren to fibrin, which is

considered the major structural protein of the (E&ibcum, 2006).

3.2 The Extrinsic Pathway

The extrinsic pathway involves only factor VI, wwh is activated to factor Vlla
in the presence of calcium and the tissue factoiaaior IIl, which is released from the
injured vessel. These three factors are all thatrequired to activate factor X to Xa,
providing a relatively rapid response to an injayd producing small amounts of
thrombin, leading to fibrin formation (Harmening &t 2002). Figure 3.1 shows the
flow diagram of the extrinsic pathway leading te flormation of factor X, which then
feeds into the common pathway described later. @kteinsic pathway’s relatively
simple and rapid response allows the body to Ibtabd loss by quickly initiating after

an injury.
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Extrinsic Pathway

Damage to Vessel Wall

]

Tissue Factor

lCa“

Factor VIl === Factor Vllz

Phospholipid Ca**

Factor X

Figure 3.1. The extrinsic clotting pathway.

3.3 The Intrinsic Pathway

The intrinsic pathway is activated following exposto a negatively charged
foreign substance, such as collagen or phosphsliplpreviously described.
Following this exposure, activation of factor Xtholecules referred to as contact
factors, and factor Xl initiate the intrinsic clioty cascade (Harmening et al. 2002).

After it is generated, factor Xlla, in the presernd Fitzgerald factor and
Fletcher factor, converts factor Xl to Xla. With@am present, factor IX activates to
factor IXa along with cofactors VIII, and platefector Il activates factor X, leading to
the generation of thrombin and the formation ofifikand a fibrin clot via the common
pathway (Stocum, 2006). Figure 3.2 outlines therisic pathway leading to the
common pathway. The intrinsic pathway is a more glemcascade than the extrinsic

pathway mainly because normal intrinsic injury @& often a life-threatening event;
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therefore, it does not need as an immediate and ragponse as the extrinsic pathway

does.

Intrinsic Pathway

Contact with Collagen of
Damaged Vessel

]

Factor Xlla &= Factor XI|

4

Factor XI ':> Factor Xlg

l CaE+

Factor IXa &————=Factor IX
Ca*" Factor VIIl
Platelet Phospholipid
Factor X

Figure 3.2. The intrinsic clotting pathway.

3.4 The Common Pathway

As previously mentioned, both the intrinsic anttriesic pathways lead to
formation of a fibrin clot. The common pathway begwhen factor X is activated by
the intrinsic system, the extrinsic system, or bthlsystems. When factor X is
activated, it is converted to Factor Xa in the pre of calcium, phospholipids, and
factor V and converts prothrombin to thrombin atdive form (Harmening et al. 2002).
Thrombin then, through feedback activation, acésdactors VIl and V, converts
fibrinogen to a soluble fibrin monomer, and helpstabilize the fibrin monomer by
converting factor Xlll to Xllla (Harmening et al0R2). The overall coagulation

cascade, depicted in Figure 3.3, is a complex,lwegbprocess that ultimately leads to

12



the formation of a solid fibrin mass that stopselieg and allows the body to begin the
second phase of the wound-healing process.

Coagulation Cascade

Extrinsic Pathway Intrinsic Pathway

Contact with Collagen of

Damage to Vessel Wall Damaged Vesse

Factor

Tissue Factor s
issu Xlla actor XI

0824

Factor X =————2 Fz)a((lzzor
Factor VI == Factor Vlla R
Ca**

Ca*" Factor VIII
Platelet
Phospholipid
Factor X ———> Factor Xa &— FactorX

Ca*" Factor V
Platelet
Phospholipid

Factor
Phospholipid Ca** ﬂ xa & FactoriX

Factor Vlle

Factor Va
Factor | (Fibrinogen)

l

=——> Thrombin =——> Loose Fibrin

Factor I
(Prothrombin)

0624

Fully Formed
Factor XIll == Factor Xllla =—— :igrin Clot

Figure 3.3. The overall coagulation cascade witfoaisted factors and their respective actions.

3.5 Vascular Occlusions

Vascular thrombi can occur as a result of bothnvaiic and non-traumatic
events. Serious complications sometimes occur \@ht@nombus releases emboli that
lodge in arteries that supply blood to organs aagthe brain or heart. Occlusion of
blood vessels results in reduction of blood flovirte affected area. With any instance
of complete or partial ischemia, the resupply afdal flow to the affected tissues is a
time-sensitive process—the longer the time thablgioal tissue is deprived of oxygen,

the less chance it will survive or function properl
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3.5.1 Arterial Clots

The formation of arterial clots often stems frdm tinderlying condition of
atherosclerosis, which is a condition associatet thie build-up of fatty deposits
within the arteries. These fatty deposits createutent blood flow within the arterial
walls (Harmening et al. 2002). Turbulent blood floauses the clumping of platelets,
which initiates the clotting cascade describediearhrterial clots may become lodged
in coronary arteries, causing complications intteart, the brain, or the extremities.
Clinically, the use of 40 kHz ultrasound has besows to increase the thrombolysis of
coronary arterial clots (Rosenschein et al. 200kj)s method of treatment is non-
invasive and has been shown to be effective indieduhe size of the blockage as well
as reestablishing blood flow to affected areas mapelly than conventional treatment
of blood thinners by disrupting the fibrin matriktbe developed clot (Rosenschein et

al. 1997).

3.5.2 Venous Clots

Venous blood clots often form in areas where blibod is slow, usually in the
legs, and often form as a result of factors knowWachow's Triad: altered blood
flow (slow or turbulent), vascular endothelial dayaaand hypercoagulability of blood
(Yano et al. 2008). The slow-moving blood flow casipooling of blood in the legs and
leads to deep vein thrombi, DVT. Emboli can breikrom a DVT and travel to the
heart, but most emboli will travel to the lungscBypulmonary emboli are a major
cause of death. If an arterial or ventricular skegdect in the heart exists, emboli from

DVTs may enter the systemic arterial circulatiohislcan result in emboli to the

14



coronary arteries, brain, and the rest of the k¥ cause myocardial infarction,
stroke, or other serious problems.

The use of ultrasound is being investigated aseulmethod to decrease the
amount of DVTs in the legs, which could reducedhances of developing emboli and

vascular occlusions (Kline et al. 2008).

3.5.3 Stroke

Effects of oxygen deprivation seen with ischemmckhge to the brain are
referred to as a stroke. With a stroke, blood spfipthe brain has been partially
blocked. In stroke victims, the time to resupplgda flow to the penumbra region of
the brain lacking blood flow is the most cruciatta in how a victim will recover. The
most debilitating and catastrophic effects of strokcur if blood flow is not resupplied
to the brain before brain tissue begins to die.

The current approved FDA clinical treatment foriséhemic occlusions is to
administer a drug, rt-PA (recombinant tissue plasigen activator) within three hours
of the onset of symptoms. Recombinant (artificigilgduced) t-PA is similar to the
naturally occurring endogenous plasminogetivator in humans. In its natural state, t-
PA is produced byascular endothelium (Magnus et al. 2001). In @sue amounts, it
is harmless to the body and keeps blood from pgdaimd forming clots. However,
when a traumatic event occurs, the body’s intrickitting cascade is activated to
prevent internal or external hemorrhaging, or bileg.dUltrasound has been shown to
increase the lytic rate of clots exposed to ultmasiband t-PA, although via unknown

mechanisms (Holland et al. 2008).
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3.5.4 Clinical Treatment

In the case of a large vascular occlusion, a highesunt of t-PA is necessary to
dissolve the thrombus and resupply blood flow befmll and tissue death. The current
clinical treatment, as publishedTine New England Journal of Medici(@troke rt-PA
Study Group 1995), is for rt-PA to be administeasdhree bolus injections, the first at
90% of the total dose, calculated by body weigtf (Ag rt-PA /kg body weight),
followed by two more injections delivering the remag 10% twenty minutes apart.
However, there are major side effects and harndnsequences of administering these
classes of drugs. Because it is an intravenoustioje t-PA perfuses throughout the
body, sometimes affecting areas by causing minonajor bleeding (Magnus et al.
2001). Owing to the adverse side effects of t-Ratiment, which can include internal
hemorrhaging, a safer, more robust method of digspblood clots is needed. In many

cases, physicians refuse to use t-PA becauseormgdaiata support its efficacy.

3.5.5 Clot Age Related to Thrombolysis

Research has shown a relationship between thrgsibafficacy and blood clot
age. In blood clots exposed to t-PA, clots lesa tirae day old produced approximately
5% more blood loss than clots were of 8 to 14 adymye (Holland et al. 2008). The
FDA requires that tests be performed to determihetler blood is safe to handle in
laboratory experiments. Those tests took approxainat days; thus, the samples used
in this study were 7 to 12 days old.

Red blood cells are biologically active outsidele body and can persist until
they run out of nutrients or until natural decayithut nutrients, as the clot ages, the

surrounding biological components begin to degeatkatrophy. Older blood clots
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appear more resistant to lysis because of claeetn and platelet atrophy over time
(Carroll et al. 1981). Blood with lower plateletwsds has a prolonged lysis time. Lysis
that occurred in these experiments may be lessvihabwould be experiencéa vivo

because of the platelet decrease in clots 7 ta$2 did.
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CHAPTER 4: ULTRASOUND CONTRAST AGENTS IN
IMAGING AND THERAPEUTIC ULTRASOUND

4.1 Ultrasound Contrast Agents

Since the early 1990s, medical ultrasound imagasyused contrast agents to
increase the brightness of blood-containing stmestuBefore the use of contrast agents,
contrast with ultrasound was limited because tfleated signal of blood was 30 to 60
dB less than that of surrounding tissue. Theref@mgeans for increasing the scattering
of sound and the echogenicity of a reflected sigmalological tissue and blood gave
rise to the development and production of contgsits. Using the mechanical
properties of ultrasound and its reflective bougdamditions with materials, gas-filled
contrast agents were developed and have been sidmglggused for medical imaging
purposes as a way to enhance images by providibey lmentrast and resolution (Hoff
et al. 2007).

Through the use of continuous wave (CW) and pueaek (PW) ultrasound,
clinical medicine has utilized various elementad ahysical parameters of ultrasonic
transducers to acquire diagnostic and relevantcakotiformation. In recent years,
ultrasound has seen an explosion of uses outsiteagfing, mainly from the use of

ultrasound contrast agents.

4.2 Structure and Response of Ultrasound Contrast gents
Ultrasound contrast agents can be injected in liedistream and are designed
to be small enough to pass through all major ambngapillaries of the human body

which range from 5 to 10m in diameter. When these microbubbles interadt aiit
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ultrasonic source, they will oscillate or resonatea specific frequency defined by

(Calliada et al. 1998) in Equation 4.1.

L3P 4.1)

ff=——

208\ r
The resonant frequendly, is proportional to the square root of the rafisecific
heats, , and the ambient pressurg, ® the density of the gas in the bubbleand
inversely proportional to the radius of the bublale,

In addition to the fundamental resonant frequetitgre are also multiple
subharmonics and possible ultraharmonics emitteithéypubble. These harmonics are
often smaller in intensity but are useful in spediypes of imaging, such as harmonic
imaging. Their ability to be circulated in the btbis useful to determine flow
velocities, as with Doppler imaging, or to examihe perfusion of blood within a

tissue. as with perfusion imaging.

4.2.1 Structure of Ultrasound Contrast Agents

The physical make-up of an ultrasound contrast taigeather simplistic in
nature but complex in its response to ultrasournit&tion. A typical contrast agent,
represented in Figure 4.1, is an encapsulatedpese with radiuga. A biodegradable
shell, with a thickness often ten times smallenttiee radius of the bubble, surrounds
the inert gas, which prevents it from diffusinggrby allowing it to last within the
human body but also changing its resonant frequészsbo et al. 2004), as shown in

Equation 4.2:

(4.2)
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Not only is the resonant frequency affected byatmbient pressure, specific
heat, and density, as in the case with unshelleétdlba (Equation 4.1), but the shell
stiffness parameter, Sp, and the effective ma#iseofystem, m, play roles in
determining the resonant frequency of shelled briblihe shell itself has material
characteristics that can be altered depending @t miaterials are used and how the
bubble is produced. The gas is often of a high-mdé weight, such as
octafluoropropane in the case of Definity contesgnts, which were used for this

study.

Gas Core

Shel

Figure 4.1. Basic ultrasound contrast agent midoblustructure showing inert gas core with shell.

Microbubbles enhance the echo of an ultrasouncepaysexploiting the normal
backscattering intensity to acoustic impedance qntagmality (Calliada et al. 1998). At
the boundary of a microbubble and its surroundirglionm, usually blood for
diagnostic ultrasound, the impedance differendarge. This large impedance
mismatch causes the incident wave to reflect migreasback to the transducer. The

reflection coefficient, R, can be determined by &pn 4.3 (Kinsler et al. 2000):
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f2-r1
ra+ri

. (4.3)

R=

It can be seen that if the impedancegisrmuch larger compared to the
impedance,if the magnitude of the reflection coefficient isrgpto be approximately
equal to 1, meaning close to 100% of the incideergy, or, in the case of ultrasound,
pressure is being reflected. An example is thectfin from a water—air interface,
which best mimics the interface of liquid and blaodl a gas-filled microbubble. The
characteristic impedance of water is 1.48 XA#® - s/m, and the characteristic
impedance of air is 429 Pa - s/m (Kinsler et a0®0With the impedance value of
water being much greater than that of air, clos@9% of the incident pressure is
reflected. This principle makes gas-filled microblés an optimal choice for ultrasound

contrast agents.
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CHAPTER 5: THERAPEUTIC ULTRASOUND AND
ENHANCED THROMBOLYSIS

5.1 Therapeutic Ultrasound

Paul Lan@vin’'s discovery that ultrasound had biological effehas led to
research into using ultrasound not only in imadingalso in therapeutic ways. The
wide range of uses of ultrasound for therapeutip@ses covers deep tissue heating for
massage and healing purposes; sonoporation to klge molecules to cross cell
membranes; angiogenesis to encourage growth ofvasaulature within biological
tissues for wound healing; tumor ablation to stwpunregulated growth of cells; and
thrombolysis, which is proving to be an effectimen-invasive method for dissolving
thrombi.

It has been shown that ultrasound in combinatiah v#PA can drastically
increase the rate at which a blood clot dissol¥ar(et al. 2001; Holland et al. 2008;
Stone et al. 2007; Suchkova et al. 2000 ). Howarerach study, the mechanism
behind the process remains poorly understood sittean reported that ultrasound
alone does not enhance thrombolysis; rather titacombination of rt-PA and
ultrasound that gives the maximum lytic effect (ldod et al. 2008).

Many parameters of ultrasound have been investigatech as pulse length of
the ultrasound, the duty factor, and intensity (@het al. 2005; Meunier et al. 2007). It
has been shown that an increased pulse lengthpagpng CW, increases the lytic
efficacy of rt-PA with low-frequency (120 kHz) wisound, with the proposed

mechanisms being acoustic streaming, heating,raardased permeation of the clot to

22



the surrounding media (Meunier et al. 2007). Furtiure, it has been shown that there
may be an intensity dependence, with lower intesshiaving more of an effect than
higher intensities at low-frequency ultrasound jmidnger exposure times having
increased mass loss (Holland et al. 2008). In smfdib thrombolytic drugs, ultrasound
contrast agents have been studied as a way tefuagtthance the effect of ultrasound

on the lysis of blood clotsx vivo

5.2 Microstreaming

The theory that led to the belief that microstreapwas responsible for
thrombolysis was first developed in 1970, whenaswdemonstrated that a rigid wire
oscillating at low frequencies near human and aenythrocytes, or red blood cells,
released hemoglobin (Williams et al. 1970). Sirmdiausly in 1970, it was shown that
a single pulsating gas bubble at a frequency dt2Dreleased hemoglobin in an
erythrocyte suspension (Rooney et al. 1970).

Hemoglobin is a protein that is responsible forttla@sport of oxygen
molecules in red blood cells and is found withie tells. Therefore, it can be released
only if red blood cells are lysed or undergo transisonoporation. The experiments
performed by Rooney et al. and Williams et al. destiate that the erythrocyte
suspensions are being lysed, as evident from thagse of heme, which they note in
their results.

Furthermore, it has been shown that with an ine@asimber of acoustic
microstreaming sources—for example, gas bubblesicrobubbles—there is an

increase in the release of hemoglobin and othé&rlaekcomponents of blood (Rooney
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et al. 1972). One component thought to be the caudieect shearing stress, which
microbubbles cause when they expand.

Direct shearing stresses and oscillating sheatmegses, which form near rigid
boundaries associated with the expansion and atimineof microbubbles have been
shown to be essential in biological effects of hghabin release of blood cell
suspensions (Nyborg et al. 1982). Vibrating bubbileder traditional diagnostic
ultrasound have also been shown to cause humad taelease platelets and other
cellular molecules such as ATP (Williams et al. 39Tt has also been shown that the
biological effects of microstreaming can destrolscague to the rapid stretching that
shearing fields cause, thus resulting in cell memeérupture, although only cells
within the immediate vicinity of the shearing adtyvare affected (NCRP 2002).

Both the oscillating wire and the oscillating gafbble experiments support the
hypothesis that acoustic streaming mechanismsrgyertant stresses that cause the
destruction of red blood cells. Furthermore, thmsa&ffect was generated with two
different microstreaming causing sources—an osiitiarigid wire and an oscillating
gas bubble. With this original concept, recent &sithave shown that the inclusion of
microbubbles that can undergo oscillations andefloee cause microstreaming increase
the thrombolytic effect when exposed to ultraso(iaethibana et al. 1995; Prokop et
al. 2007). Although the mechanisms of action adkeown or, at best, poorly
understood, the effect is real and has been welidented.

Microstreaming phenomena occur when a microbulsblepunded by a liquid
media, undergoes direct oscillatory action whernosgg to ultrasound. Oscillatory

action causes rapid, toroidal eddy currents to fasna result of the displacement of
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liquid around the bubble. These eddying currentsedese in size as the ultrasonic
frequency is increased (NCRP 2002); that is, lessastreaming occurs at higher
frequencies. Micostreaming, therefore, is a consegel of low-frequency, low-pressure
response to oscillations of microbubbles.

Previous studies into contrast agent—enhancedtwlysis fail to examine
important factors such as frequency and pressyrendience on microstreaming,
focusing only on a single frequency or a singlespuee. Few studies have investigated
the range of pressures and frequencies to distbgerxact mechanism by which
microbubbles enhance the effect of thrombolysis the hypothesis of this
investigation, and thus the purpose of the reshisfthesis, that the oscillatory response
of microbubbles and the resulting microstreamirfigafproduced is the primary
mechanism by which contrast agents enhance thromsisolA frequency spectrum of
395 kHz, 545 kHz, 790 kHz, and 1.02 MHz with a ptee range of 8 kPa to 0.5 MPa
will be used in order to examine the effects thatrastreaming may have on

thrombolysis.
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CHAPTER 6: MATERIALS

This section describes the materials used to partbe experiments. The
materials, which will be described in more detaik the experimental tank, power
source, membrane hydrophone, heating control baihan blood, and Definity contrast
agent. Block diagrams of the calibration and charazation procedures as well as the

experimental set-up will be described in Chapter 7.

6.1 Experimental Tank

A custom Lucite tank was built by the Electricalgireering Machine Shop of
the University of lllinois at Urbana-Champaign, vineasurements of 68 x 28 x 30 cm
and a thickness of 1.5 cm. It was fixed with twibsran the longitudinal axis to allow
for objects within the tank to be translated ldtgrand longitudinally. It was sealed

using a water-resistant, clear-coated adhesivdesteld to be watertight.

6.2 Power Source

An Agilent 33250A, 80 MHz digital-function generatoas used to create the
sinusoidal input to the transducer. The outputeffunction generator was fed into a 60
dB, 500 RF Power Amplifier (ENI Inc., Rochester, NWhich had a band-pass filter of
0.3 to 35 MHz. The output of the power amplifiersthen connected to the source

transducer.

6.3 Hydrophone
The source transducer was calibrated using a poliidene fluoride (PVDF)

Marconi membrane hydrophone manufactured by MarandiCaswell Technology.
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The Marconi hydrophone consists of a coplanar, rayeo of thin PVDF film, 100 mm
in diameter, with a piezoeletrically active centeta roughly 0.5 mm in diameter. The
output voltage is proportional to the pressurdat point in the ultrasonic field. The
hydrophone interfaces with monitoring systems vimmaached amplifier and 75 ohm
BNC cable connections.

The calibration of the hydrophone was performedhayNational Physical
Laboratory of Teddington, Middlesex, United Kingdomsing a multiple-frequency
method by direction comparison with a secondamydsied hydrophone of the
membrane type (NPL calibration sheet). The calibnatvas performed in two distinct
stages, the first being from 1 to 20 MHz, increnrenby 1 MHz each step. The second
was a fine-frequency calibration from 0.3 to 0.9 ¥MMith an 0.1 MHz incrimination.
The calibration was carried out in fresh, de-iodizeter at 20.9°C to 21.4°C, with a
standard deviation of +/-0.5°C, using a tone-bexsitation swept through the

calibrated frequencies.

6.4 Heating Controller

Two 100 W, floor-mounted heaters were used to tieatlegassed water to
37°C. The heaters were controlled by a 117 V, 186(AHz proportional temperature
controller (Yellow Springs Instrument Co., Yellowi$gs, OH). To ensure even
distribution of heat throughout the tank, a 120 \/&Q8 W, 60 Hz Corning
stirrer/hotplate, model PC 420, was placed benisath ucite tank and stirred with a
magnetic stir-bar set to the lowest setting, whiels measured to be approximately 120

rpm.
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6.5 Transducers

The transducers were single-element transducesssting of a custom-built
fixture (Figure 6.1a), manufactured by the EleetriEngineering Machine Shop at the
University of lllinois at Urbana-Champaign. Unfoedscrystals with center frequencies
of 395 kHz, 545 kHz, 790 kHz, and 1.02 MHz from Ma&y} Fischer Inc., with an active
surface of diameter 20 mm were used. The housinthéosingle-element transducer
consisted of a cylindrical stainless steel alloyhvihe crystal sealed to the housing with
anodized aluminum. It was then grounded electydallthe housing to ensure that no
electrical grounding occurred within the elementthivi the housing, a gold-plated
bromine-copper (BrCu), shown in Figure 6.1.1b, dixe a Bayonet Neill Concelman
(BNC) connector was mounted to excite the crystajyre 6.1b). Electrical
connectivity was ensured, and a washer was plaewdelen the housing and the outside
to waterproof the interior of the transducer. Itswiaen sealed and tightened with four
hex screws. The calibration and characterizatidrisetransducers will be described in

Chapter 7.
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(@) (b)

Figure 6.1. (a) Housed transducer crystal, (b)Bn@hin transducer housing.

6.6 Blood
Samples of whole blood clots were acquired from @umity Blood Services of

Urbana, lllinois, in unmarked tubes for privacy poses. Each sample was tested for
the following bloodborne pathogens prior to beialgased, as required by the U.S.
Food and Drug Administration:

hepatitis B surface antigen

hepatitis B core antibody (total)

HCV 2.0 antibody screen

HCV NAT

HIV-1/HIV-2 antibody screen

HIV NAT

HTLV-I/HTVL-II antibody screen

WNV NAT

RPR screen ASI syphilis

CMV antibody screen
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ABO and Rh groups for typing.
Possible adverse health conditions of the blood®owere not addressed because each
donor had been determined medically healthy to soobl@od by the appropriate
medical staff. Therefore, each sample is considanesthdom sample from a uniform
population. The acquisition and use of human blad approved by the Institutional

Review Board and the Division of Research SafetjhefUniversity of lllinois.

6.7 Ultrasound Contrast Agent

Ultrasound contrast agent (UCA) was used to sthdyeffects of
microstreaming on thrombolysis at a concentratiod.d mL per 4 mL of degassed
water. This concentration ensured complete saturati contrast agent with the blood
while preventing the bubbles from shielding anyadound pressure. The contrast agent
used was Definity. Prior to activation, the viahtains a clear, colorless, sterile, non-
pyrogenic, hypertonic liquid, which upon activatigields perflutren lipid
microspheres. The resulting solution is a homogsnopaque, milky-white injectable
suspension. According to instructions for use ofifidgy in a clinical setting, this
solution is injected intravenously, allowed to alate, and then imaging is done
(Definity 2008). However, for the purposes of timgestigation, the contrast agent was
injected into degassed water to form a homogenolusien.

Definity consists of perflutren lipid microspherssmposed of
octafluoropropane that are encapsulated in an tiptdrshell consisting of (R)-
hexadeconic acid, 1-[(phosphonoxy)methyl]-1,2-eduhyl ester, monosodium salt
(DPPA); (R)-4-hydroxy-N,N,N-trimethyl-10-oxo-7-[(@xohexadecyl)oxy]-3,4, 9-

trioxa-4- phosphapentacosan-1-aminium, 4-oxidegiisalt (abbreviated DPPC); and
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(R)- -[6-hydroxy-6-oxido-9-[(1-oxohexadecyl)oxy]-5,7,1ttioxa-2-aza-6-
phosphahexacos-1-yl]--methoxypoly (ox-1,2-ethanediyl), monosodium salt
(abbreviated MPEG5000 DPPE).

After activation, each milliliter of the milky-whetsuspension is reported to
contain about 150L per mL of octafluoropropane and a maximum of 2 20'°

perflutren lipid microspheres with a mean radiud dfto 3.3 m.
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CHAPTER 7: METHODS

The following section describes the methods andgutures for transducer
calibration, characterization, and experimentalugetAll calibrations, characterizations

and experiments were performed at@7n degassed, fresh water.

7.1 Transducer Calibration and Characterization Pracedure

Each transducer was characterized prior to thennagg of the study to
determine transducer beam characteristics. Eanhduaer was calibrated before and
after a set of experiments using the same powelif@@npgfunction generator, and
cables to minimize variability and ensure consisyeihe calibration and
characterization procedures follow routine andldsthed protocols so that they may be

repeated and remain consistent regardless of seareher performing them.

7.1.1 Center Frequency Measurement

To obtain the center frequencies of each transgdeeeh was mounted
perpendicularly to the Marconi membrane hydroph@nBanametrics model 5800
pulsing source was used to send a broadband muéssch transducer. The signal was
displayed on a LeCroy model 5600 digital oscillgeeavith a sampling rate of 500
Ms/s. The fast Fourier transform, FFT, was takemfthe hydrophone signal and the

center frequencies of each transducer were measured
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7.1.2 Calibration Procedure

To calibrate each transducer, the Marconi membihgdeophone was at the last
axial maximum (LAM) of the beam of the transduceaicalated by Kinsler et al.

(2000):

2
LAM :aT- (7.1)

!
1
This distance is specific to each transducer. Uaingultitranslational positioning
system by Daedal Systems Inc., the Marconi membmgdeophone was placed in the
center of the beam and its symmetry checked. Thsdone by moving the
hydrophone vertically in equal and opposite disésnftom a starting point and
measuring the amplitude decrease. If the amplitebeeased the same amount over
each distance, the transducer was consideredverhbeally centered with respect to the
hydrophone. If the amplitude decrease was notdaheesproper adjustments were made
to the fixed starting point and the process wasaiggr. The same process was then
performed by moving the hydrophone laterally ancdsoeing the amplitude decrease.
Once the amplitude decreased the same amountdat dgtances, it was considered to
be positioned centered laterally. Routine calilwratising this method resulted in
approximately a 5% error in all calibrations.

Following the centering procedure, the functionegator was swept through the
desired voltages, and each waveform was captuggiitir. A custom MATLAB
program analyzed each waveform and calculatedehk pompressional and peak
rarefractional (Pand P) pressures. Owing to their more consistent respangigher

pressures, only peak rarefractional pressuresepated.
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Because of the spatial variability of the nealdfief unfocused transducers, the
last axial maximum (LAM) was chosen for calibratidinis location marks the
transition from the variable near field to the fietd, which is more uniform and
predictable for consistent calibrations (Kinsleakt2000). Figure 7.1 shows a Field Il
simulation of the axial pressure magnitude fromQ2 MHz source. As can be seen, the
near field is considerably variable where the feldf marked by the last axial

maximum at 66.3 mm, is a smoother and more unifasme, eventually approaching
1 L . .

— decay. Pressure calibration curves for each trasesccan be found in Appendix I.
r

1.02 MHz Axial Pressure Distribution
T T T

Nomrdized fidd andituce
o
4]
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Figure 7.1. Field Il simulation showing axial pressdistribution.

7.1.3 Characterization Procedure

To obtain beam characteristics of each transdticefMarconi membrane
hydrophone was placed at the last axial maximuth@beam of the transducer as
calculated by Equation 7.1, and the symmetry waskdd to ensure that the active
reaction of the hydrophone was in the geometrieatar of the transducer beam. The

hydrophone was laterally moved out of the beaml thti amplitude decreased to noise
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level. The hydrophone was then laterally transl&2anm across the center of the
beam using 0.05 mm steps, for a total of 440 lasman segments. The amplitude was
observed to gradually peak in the center of therbaad then decrease until it reached
noise level. Each of the 440 lateral waveform sagmwere recorded, compiled, and
analyzed using a custom MATLAB program. A blockgtam of the calibration and

characterization set-up is depicted in Figure 7.2.

Tank

A
-

Figure 7.2. Block diagram of calibration and ch&edezation set-up.

Beam characteristics of each transducer were edtylincluding wavelength,
last axial maximum distance, —6 dB beamwidth, ab@ dB beamwidth, as listed in
Table 7.1. With a blood clot sample diameter of §:80.5 mm, the -6 dB beamwidth
of each transducer was greater than the size cfaimple clot. Beam figures can be

found in Appendix II.
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Frequency 395 kHz 545kHz 790 kHz 1.02 MHz

Wavelength 3.86 mm 278mm 1.93mm 1.49 mm

LAM 25.91 mm 35.76 mm 51.83 mm 66.3 mm

—6 dB Beamwidth 6.6 mm 125 mm 10.7 mm 10.8 mm

—10 dB Beamwidth Not measurabl¢ 22.3 mm 15.2 mm 14.5 mm

Table 7.1. Calculated beam characteristics of custmde, unfocused transducers.

7.2 Blood Clot Preparation

All blood samples acquired from Community Blood\éees of lllinois were
randomly chosen by a laboratory technician overcthese of the study’s six-month
period. Experiments were performed and validatethbse independent researchers.
Blood samples were released after being testedllfarajor bloodborne pathogens as
required by the FDA. Blood used was reported tafg@oximately 7 to 10 days old.
Use of human blood was approved by the InstructiBeaiew Board and the Division
of Research Safety of the University of lllinois.

Whole human blood clots were prepared by evacuatimgoximately 3 mL of
human venous blood into 10 mm diameter plasticduidlyeCommunity Blood Services

of lllinois. The evacuated tubes contained no aatjtilants, and blood clotted at room
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temperature within minutes. Blood clot tubes wezptlkat room temperature for 3 to 5
hours while testing was completed. Prior to theitial testing for bloodborne
pathogens, each tube was spun at 2,000 rpm fon6tes to extract plasma. After the
plasma was extracted, the clot tubes were storédtCatAfter the plasma was tested and
determined to be safe, the blood was releasedfmramentation. The received tubes
contained a fully retracted clot.

The fully retracted blood clot weighed approximgat&]200 mg. It was extracted
from the plastic tube from which it was originafijored and was cut using a razor blade
into four equally sized pieces weighing approxirha8®0 mg each. Each 300 mg
sample was then cut into two samples, roughly 1§@®ach. These 150 mg pairs served
as an exposure sample and a matched control salBygesed samples had two
different classifications: samples exposed to stitend only and samples exposed to
ultrasound and contrast agent. Each exposed sdragla matched control that did not
undergo any ultrasound exposure. Figure 7.3 isva fliagram that depicts the cutting

procedure.
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Cloi ~1200 mg

~30C
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~150 mg Control
~150 mg ~150 mg Control
~150 mg

Figure 7.3. Flow diagram of clot cutting process.

The surfaces as well as the edges of all samplestwemed to eliminate any

overly fibrous portion that may have developed gltre surface of the tube in which it

was housed. After extraction, the samples were lwegigon a digital scale that had an

accuracy of 0.01 mg, and their weights were reahrde clots were then placed in a

self-sealing, acoustically permeable, plastic jewbhg (Crafts, Etc.), measuring 5.08 x

7.62 cm with 4 mL of degassed water at@7

7.3 Definity® Preparation

The commercially available contrast agent Defimys used in this study as the

ultrasound contrast agent. Definity comes in a 2 aiar glass vial. Prior to use, the

vial was activated using the published activatiost@col. The vial was allowed to
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warm to room temperature and activated by shakifay 45 seconds using a Vialmix®.
0.1 mL of Definity contrast agent was diluted bgnl of degassed water and placed the
acoustically permeable bag prior to addition ofshenple clot. 0.1 mL of Definity

corresponds to approximately 1.2 % p@rflutren lipid microspheres (Definity 2008).

7.4 Experimental Procedure

There were four different experimental cases feahesposure. The first and
second cases consisted of a sample exposed towousi wave (CW) ultrasound for 15
minutes in 37C, degassed water and its matched control sampiehwdid not undergo
ultrasound exposure but remained i1@G7degassed water for 15 minutes. The third
and fourth cases consisted of a sample exposetMal@€asound and Definity contrast
agent for 15 minutes in 8, degassed water and its control sample, whicmalid
undergo ultrasound exposure but remained fC3degassed water for 15 minutes. The
bag containing the sample for exposure was vis@diiyned to the center of the
transducer beam and placed axially at the last emaaimum. Additionally, the control
sample of similar size and weight was placed imalar, acoustically permeable bag
and placed in a 3T, degassed water bath without being exposed rasoltind.

Time was kept using a digital timer and was stavtbdn the acoustically
permeable bag was placed in the transducer beartharsdurce was turned on. Timing
stopped when the source was turned off. A smallmatig stir-bar set at approximately
180 rpm gently agitated the water and kept the mrsated evenly. A digital
thermometer was placed near the site of exposuretotor and ensure the temperature

was 37C.
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After the exposure time, both the exposed samplelaa control sample were
placed on an 11 x 21 cm 1-ply, Delicate Task Wigesberly-Clark) and dried
through capillary action and light blotting (Hollket al., 2008). The samples were
weighed again and their weights recorded. The gaoeedure was used for samples
containing contrast agent. 0.1 mL of Definity castragent was injected into 4 mL of
degassed water prior to the placement of the samplee permeable bag. The same
concentration of Definity was injected into the ttohbag. The experimental set-up is

depicted in Figure 7.4.

Figure 7.4. Experimental set-up with the sampl¢ glaced at the last axial maximum.
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7.5 Statistical Analysis and Mass Loss Relative tdatched Control
Samples undergoing ultrasound exposure and theahma controls were
weighed before and after the 15 minute exposuratidur and their mass losses

calculated by

DM us ~ Mie(US) - M feus) (7.2)
DMyssvca = Miussucy = M igsaucy (7.3)
M cus) — I\/Iic(us) - M ewus) (7.4)

DM cuch = MiC(UCA) -M feucn” (7.5)

Equation 7.2 represents the mass loss of samppesed to ultrasound only where
Musis the change in mass of samples exposed to ultndsonly, Meus) is the initial
mass of the sample exposed to ultrasound onlyMagds) is the final mass of the
sample exposed to ultrasound only. Equation 7./esgmts the mass loss of matched
control samples not exposed to ultrasound.ys)is the change in mass of the control
sample, Myus)is the initial mass of the control sample, and ), is the final mass of
the control sample.Mys+uca (Equation 7.3) represents the mass loss of samples
exposed to ultrasound and Definity contrast agditus-+uca) is the initial mass of
samples exposed to ultrasound and Definity contrgsht, and Mus-+ucayis the final
mass of samples exposed to ultrasound and Definityrast agent. Equation 7.5
represents the change in mass loss of the comringbles with Definity contrast agent
present. M¢uca)represents the change in mass loss of the comtnuble, Mcuca) IS
the initial mass of the control sample with cont@gent, and Muca) is the final mass

of the control sample with contrast agent.

41



Relative mass loss of samples compared to thechadtcontrol for samples
exposed to ultrasound only,fk), and samples exposed to ultrasound and contrast
agent, Mus+uca), were calculated by subtracting the change in reesssof the
respective control samplesM¢usyand Mcuca), from the change in mass loss of the
corresponding exposed sampled]ysyand Mus+uca), and normalized to the

appropriate control sample.

— DM (us) ~ OM c(USs)
M r(Us) - DM (7.6)
c(US)
DM - DM
Mr . — (US+UCA) c(UcA) . (7.7)
(UsS+UCA) DM ek

A total of six relative mass loss of samples coragdo their matched control
trials for samples exposed to ultrasound onlyud) and samples exposed to ultrasound
and contrast agent, Ms+uca), were performed for each exposure pressure d,832,

40, 50, 120, 300, and 550 kPa at four individuadjérencies of 395 kHz, 545 kHz, 790
kHz, and 1.02 MHz. The six values fory)and Mus+uca) Wwere then averaged and
their standard deviations calculated to obtain ayerelative mass losses represented

by

1
Mwus) = E M. ws () (7.8)

6

1
M rus+uca = = M, uswuca (N)- (7.9)

6
with n being the trial number, andMs)and Mus+uca)being the relative mass losses

found in Equations 7.6 and 7.7.
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Each control sample and exposed sample were matclesth other (that is,
they were taken from the same piece of clotteddlatherefore, it is assumed that both
samples have the same cellular properties of e8#nrigidity, and platelet
characteristics. Matched control samples for Dgfitrials contained the same amount
of Definity contrast agent as did the matched atiracally exposed sample: 0.1 mL per
4 mL of degassed water.

Statistical analysis was done on the individuadtreé mass losses found in
Equations 7.6 and 7.7. A one-tailed student’sttdesalysis was used with an alpha
level of 0.05, corresponding to a t-value of 2.7TBe null hypothesis testedgHvas
the average relative mass loss of samples exposdttasound only and was equal to
the average relative mass loss of samples exposdttasound and Definity contrast
agent; there was no significant mass loss witrattdition of Definity contrast agent.
The alternative hypothesisiHvas the average relative mass loss of samplesserp
to ultrasound and was not equal to the averagéwelaass loss of samples exposed to
ultrasound and Definity contrast agent; the additd Definity contrast agent has a
significant effect on relative mass loss. A t-teslue that is greater than the test statistic
value, 2.776, or a probability less than the alelal of 0.05 is considered statistically
significant and the null hypothesisg,His rejected and the alternative hypothesisisH

accepted with a 0.05 probability of committing go€yl error.
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7.6 Theoretical Bubble Displacement and Viscous SaeStress
Calculations

To estimate the displacement amplitudes of Defianger the exposed
experimental pressures of 8, 19, 32, 40, 50, 120, &nd 550 kPa, a theoretical model
was developed by solving the Marmottant equatioarfibttant et al. 2005) for large-

amplitude oscillations of coated microbubbles:

; RR+:_23F% _peZR) RT L F o o BR MR &R

= R : ~ & & PO (710

Equation 7.10 was chosen because it describebéebectical bubble dynamics
of a lipid sphere, which most resemble the contrgsnt Definity. In Equation 7.10oR
is the equilibrium radius of the bubble,is the density of the mediumg B the ambient
pressure, (R) is the effective surface tensionis the polytropic gas exponent,is the
shell surface viscosity, c is the speed of sourtiérmedium, andgt) is the acoustic
pressure. The surface tensio(R), is expressed in terms of the bubble radiuk thtee

specific conditions:

O If R £ I:'{)uckling

R .
S(R)= ¢ ——-1 if RgunefE RE Ruue up: (7.11)

buckling
if ruptured andR® R, eq

S water

where is the elastic modulus of the elastic regime eflthbble; Bucxing is the radius
below which the surface of the microbubble buckRssax-upiS the radius above which
the surface shell breaks up, described @siRy(1+ breakud )"% wateriS the surface
tension of water; andRuwreqiS the radius after rupture, described as

Roucking1+ wate/ )"2 It should be noted that the simulated bubbleldigment
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amplitudes never show bubble collapse. It was oeskthat at pressures of 300 and
550 kPa, there was no visible Definity remaininghia sample bags.

The ordinary differential equation solver in MATLABas used to solve the
Marmottant equation, Equation 7.10, by solvingtfer changing radius of a bubble
over time. Experimental parameters and estimapetidhell parameters that best
mimicked Definity were used in the solution and lssted in Table 7.2 (Marmottant et
al. 2005). To simulate continuous-wave pulsinguse duration of 15 cycles was used.
A 15-cycle pulse was chosen for processing timegags and because no significant

differences in bubble displacement amplitudes vea®s st pulse durations greater than

15 cycles.
Parameter Value Description
| 992 kg/m For fresh water at 37°C
Po 101 kPa Atmospheric pressure
Mean radius for
Ro 1.65 um Definity 0.55-1.65 pm
1.07 For perflouropropane
s 0.5x10° N for Definity Definity (Goertz et al. 2007)
C 1524 m/s For fresh water at 37°C
Padt) Psin(2 ft) Sinusoidal pulse
f 395 kHz, 545 kHz,
790 kHz, 1.02 MHz
Rbuckling Ro (Marmottant et al. 2005)
0.85 N/m for Definity Definity (Goertz et al. 20p7
Rbreakup Rbuckling(]-"' break—m‘ )1/2 (Marmottant et al. 2005)
break-up 1 N/m (Marmottant et al. 2005)
Rruptured Roucklind 1+ wated )"~ (Marmottant et al. 2005)
water 0.073 N/m

Table 7.2. Parameters used in Definity bubble disginent simulation.

The goal of this research is to determine whetherastreaming and its induced

oscillatory viscous shear stresses caused by atseiyl bubble displacement are
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responsible for enhanced thrombolysis over contibtee bubble displacement
amplitudes for the various exposure conditionska@vn, R — R, the associated
oscillatory shear viscous stresseg,c@n be calculated by finding the acoustic

streaming velocity gradient, G (Nyborg et al. 1964)

c=2TR-RY 712
h 2
R prf

where f is the driving frequency ands the coefficient of shear viscosity of medium.
Because the radius of the bubble, R, changes imih Rnax Will be the radius used for
R in solving for the acoustic streaming velocitadjent (Equation 7.12). The
oscillatory viscous shear stresg, &n be caclulated by multiplying the viscosityttod
medium by the acoustic streaming velocity gradieén(Nyborg et al. 1964):
S. =hG. (7.13)

The simulated results for, $an be found in Table 8.4.2. The solution to the
Marmottant equation simulates oscillatory bubbkgpdicement amplitudes for a single,
fixed-diameter bubble. However, commerical Defirdbgntrast agent has wide-ranging
bubble diameters, and the amount of Defibitppbles used was greater than a single

bubble. Because of the limited research in thia,afee rough estimates for the

parameters were chosen to give an accurate repatisennto the bubble dynamics.
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CHAPTER 8: RESULTS

The purpose of this thesis, as previously statetfy examine the pressure and
frequency dependence of microstreaming, which atitierature is lacking. Showing
these dependencies can aide further researchhimtaréas of contrast agent—enhanced
thrombolysis by narrowing in on the most effectaral efficient methods. Exposure

pressures examined were 8, 19, 32, 40, 50, 120,a8@0550 kPa at frequencies of 395

kHz, 545 kHz, 790 kHz, and 1.02 MHz. The averadatir® mass losseM : us)and

M us+uca), found in Equations 7.8 and 7.9, are presentatbalth the standard

deviations. Samples exposed to ultrasound onlgepéted on the left of the two
columns (blue), and samples exposed to ultrasondat@ntrast agent are on the right

of the two columns (orange), as shown later in Fadl.

8.1 Tables of Results

Tables 8.1 through 8.4 show the average relativesrussesM r s,
andM rus:ucs , found in Equations 7.8 and 7.9 for each acoystssure (column 1) for
samples exposed to ultrasound only (column 2) antptes exposed to ultrasound and
0.1 mL of contrast agent (column 3) for four expesinequencies, 395 kHz, 545 kHz,
790 kHz, and 1.02 MHz. Mass losses are presentpdrasntages with the standard
deviation in parenthesis. A one tailed t-test wasgrmed and statistical significance
was determined between samples exposed to ultrdsmdhsamples exposed to
ultrasound and Definity with a significance levél o= 0.05 (column 4). Alpha values
less than 0.05 were considered statistically sicgmitt, while values greater than 0.05

were not considered significant (column 5).
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395 kHz

Pressure

8 kPa
19 kPa
32 kPa
40 kPa
50 kPa
120 kPa
300 kPa
550 kPa

545 kHz

Pressure

8 kPa
19 kPa
32 kPa
40 kPa
50 kPa
120 kPa
300 kPa
550 kPa

Ultrasound
Only

Mass Loss%
(Standard
Deviation)

~0.69 (1.94)
50.96 (23.07)
53.86 (17.46)
17.58 (3.56)
58.54 (23.07)
41.38 (22.14)
0.71 (1.21)
0.79 (1.69)

Ultrasound and

UCAs

Mass Loss%
(Standard
Deviation)

—0.25 (2.22)
85.46 (11.00)
65.10 (10.87)
27.36 (9.16)
61.39 (3.20)
63.40 (8.66)
0.33 (0.97)
0.37 (1.11)

P value of
T-Test
Statistic

0.359
0.001
0.108
0.024
0.394
0.013
0.284
0.341

Table 8.1. Relative mass losses at 395 kHz.

Ultrasound Only

Mass Loss%
(Standard
Deviation)

2.29 (3.28)
29.59 (5.29)
23.90 (10.31)
16.23 (7.19)
34.65 (17.91)
30.85 (14.95)

0.10 (1.84)
0.58 (4.93)

Ultrasound and

UCAs

Mass Loss%
(Standard
Deviation)

~0.25 (2.22)
85.46 (11.00)
65.10 (10.87)
31.84 (13.01)
61.39 (3.20)
63.40 (8.66)
0.33 (0.97)
0.37 (1.11)

P value of
T-Test
Statistic

0.245
~0.00
~0.00
0.017
0.011
0.003
0.168
0.454

Table 8.2. Relative mass losses at 545 kHz.

48

Statistically
Significant
(Y/N)

Zz2 Z2 <X z2 <X Zz2 < Zz

Statistically
Significant
(Y/N)

Z Z < < < < < zZ



790 kHz

Ultrasound Only Ultrasound and

UCAs P value of  Statistically
Pressure Mass Loss% . T-Test Significant
(Standard e (et Statistic (Y/N)
Deviation) (Sta_nd_ard
Deviation)
8 kPa —0.80 (1.24) 0.69 (1.70) 0.089 N
19 kPa 24.82 (5.66) 43.66 (21.40) 0.042 Y
32 kPa 33.69 (12.34) 50.57 (18.29) 0.047 Y
40 kPa 17.16 (3.34) 20.64 (5.90) 0.039 Y
50 kPa 25.40 (16.89) 50.67 (20.05) 0.020 Y
120 kPa 27.28 (22.25) 51.72 (18.69) 0.034 Y
300 kPa 9.14 (6.60) 2.88 (3.58) 0.099 N
550 kPa 1.06 (2.86) 1.94 (1.10) 0.246 N
Table 8.3. Relative mass losses at 790 kHz.
1.02 MHz
Ultrasound and
Ultrasound Onl
Y UCAs P value of  Statistically
Pressure Mass Loss% . T-Test Significant
(Standard s (Lased Statistic (Y/N)
Deviation) (Sta_nd_ard
Deviation)
8 kPa 0.15 (1.96) —0.64 (0.68) 0.193 N
19 kPa 32.19 (7.69) 67.53 (3.00) 1.06 E-05 Y
32 kPa 33.60 (3.25) 71.47 (5.38) 1.70 E-O07 Y
40 kPa 13.16 (2.78) 20.58 (2.84) 4.42 E-04 Y
50 kPa 32.75 (5.46) 68.31 (2.40) 9.95 E-07 Y
120 kPa 31.97 (5.83) 68.88 (4.33) 2.22 E-07 Y
300 kPa 0.55 (1.46) 0.34 (2.68) 0.436 N
550 kPa -0.50 (1.27) 0.086 (2.70) 0.321 N

Table 8.4. Relative mass losses at 1.02 MHz.
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8.2 Average Relative Mass Loss for Various Pressise
Figures 8.1 through 8.4 show the relative masegdd sy M russuca,

calculated in Equations 7.8 and 7.9, respectifelyfrequencies of 395 kHz, 545 kHz,
790 kHz, and 1.02 MHz. The sample size was sixptak rarefractional pressure

values are in kilopascals, kPa; and the averag#ivelmass losses are percentages.

Average Relative Mass Loss at 395 kHz

B Ultrasound Only @ Ultrasound and UCAs

120 -

100 +

S
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[0}
@
()
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>
<
8 19 32 40 50 120 300 550

-20 -

Peak Rarefractional Pressure [kPa]

Figure 8.1. Average relative mass loss at a frecqpen395 kHz.
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Average Relative Mass Loss [%)]

Average Relative Mass Loss at 545 kHz

B Ultrasound Only B Ultrasound and UCAs ‘

-10 8 19 32 40 50 120 300 550
Peak Rarefractional Pressure [kPa]
Figure 8.2. Average relative mass loss at a frecqpen545 kHz.
Average Relative Mass Loss at 790 kHz
B UItrasound only @ Ultrasound and UCAs
80

Average Relative Mass Loss [%)]

19 32 40 50 120 300

550

Peak Rarefractional Pressure [kPa]

Figure 8.3. Average relative mass loss at a frecqpen790 kHz.
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Average Relative Mass Loss at 1.02 MHz

B Ultrasound only B Ultrasound and UCAs

90

Average Relative Mass Loss [%)]

-10 8 19 32 40 50 120 300 550

Peak Rarefractional Pressure [kPa]

Figure 8.4. Average relative mass loss at a freqpen1.02 MHz.

8.2.1 Analysis of Pressure Dependence of Averagel&ee Mass Loss

Figures 8.1 through 8.4 show that at a pressu@kéfa, for all frequencies,

there is no significant difference in the averagjative mass losses between samples
exposed to ultrasound alomé, ws), (left bars in blue bars), and samples exposed to
ultrasound when a contrast agent is preskhiys:ucs (right bars in orange).

For all frequencies, pressures of 19, 40, andkE20show significant

differences in average relative mass losses betaamples exposed to ultrasound only,
M ws), and samples exposed to ultrasound with conth‘ltaM rus+uca) . Samples

exposed to ultrasound and Definity contrast agesttdignificantly more mass than did

samples exposed to ultrasound only.
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At an exposure frequency of 395 kHz, pressureo0t8d 50 kPa did not have
significant differences in average relative massés between samples exposed to
ultrasound only M us), and ultrasound with contrast agent, us-ucs .

For all frequencies, exposure pressures of 3aD5a0 kPa did not show

significant differences in the average relative snasses between samples exposed to

ultrasound,M wus), and samples exposed to ultrasound and Definity®rast agent,

M rus+uca) .

In experimentation, it was observed that exposuigetk pressures of 300 and
550 kPa turned the sample bags containing the Defiontrast agent from opaque
white to clear white. Exposure to peak pressure9pB2, 40, 50, and 120 kPa did not
turn the sample bags containing Definity clearsthbags remained opaque white

throughout the experiment.

8.3 Average Relative Mass Loss for Varying Frequeies
Figures 8.5 through 8.12 show the average relatiass lossesM r us)
(Equation 7.8), andMl : ws«uca (Equation 7.9), for peak rarefractional pressufes, .9,

32, 40, 50, 120, 300, and 550 kPa with respeceiver frequency. The sample sine;

6, is consistent for each frequency, and the freqgigs are represented in kilohertz.
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Average Relative Mass Loss

Average Relative Mass Loss at 8 kPa
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Figure 8.5. Average relative mass loss at a peaffreational pressure of 8 kPa
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Figure 8.6. Average relative mass loss at a paaffreetional pressure of 19 kPa
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Average Relative Mass Loss [%)]

Average Relative Mass Loss at 32 kPa
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Figure 8.7. Average relative mass loss at a peaffreetional pressure of 32 kPa
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Figure 8.8. Average relative mass loss at a peaffreetional pressure of 40 kPa
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Average Relative Mass Loss [%)]

Average Relative Mass Loss at 50 kPa
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Figure 8.9. Average relative mass loss at a paaffreetional pressure of 50 kPa
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Figure 8.10. Average relative mass loss at a paefractional pressure of 120 kPa
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Average Relative Mass Loss at 300 kPa
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Figure 8.11. Average relative mass loss at a paafractional pressure of 300 kPa
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Figure 8.12. Average relative mass loss at a paefractional pressure of 550 kPa
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8.3.1 Analysis of Average Relative Mass Loss for Y\dng Frequencies

Four exposure frequencies were used to examigedrey dependence, 395

kHz, 545 kHz, 790 kHz, and 1.02 MHz. Figures 8ratigh 8.12 show the average
relative mass lossed/ , ws) (Equation 7.8), anMl : us+uca) (Equation 7.9), with respect

to exposure frequency. At a peak rarefractionasguee of 8 kPa, there is no statistical
significance in average relative mass losses betwamples exposed to ultrasound
only and samples exposed to ultrasound and coragasit for all frequencies.

For a peak rarefractional pressure of 19 kPa (Ei§L6), there is a statistical
significance in the average relative mass loss éetvsamples exposed to ultrasound
only and samples exposed to ultrasound and coragasit. There is also a significant
decrease in amplitude of the average relative aasgs for samples exposed to
ultrasound and samples exposed to ultrasound artdasb agent as frequency increases
from 395 to 545 kHz. There is no significant chaigthe average relative mass loss
between frequencies of 545 and 790 kHz, but treeaesignificant increase in amplitude
of average relative mass loss between frequen€igdkHz and 1.02 MHz.

Figures 8.8 through 8.10 show that the trend eragye relative mass loss with
respect to frequency can no longer be statistichfliinguished as decreasing or
increasing with respect to frequency. The obsetrat of decreasing average relative
mass loss between frequencies of 395 and 545 ldspdites for pressures greater than
19 kPa. However, Figures 8.6, 8.7, 8.9, and 8.bWghat at a frequency of 1.02 MHz,
the average relative mass loss for samples exgoadttasound and contrast agent is

significantly greater than other exposure frequesieixamined.
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8.4 Bubble Displacement Amplitude and Oscillatory Yscous Shear
Stress

Table 8.5 lists the simulated bubble displacemergléudes, , reported in
micrometers; as a function of pressure, reportd@aiscal; and frequency, reported
hertz, found by solving the Marmottant equationy&tpn 7.10, in MATLAB. Table
8.6 lists the calculated oscillatory viscous steegss, Sassociated with the bubble
displacement amplitude, in Pascal, calculated hyalqgn 7.13.

Bubble Displacement Amplitude, ( m)

Pressure (kPa) 395 kHz 545 kHz 790 kHz 1.02 MHz

8 0.048 0.058 0.070 0.077
19 0.106 0.131 0.151 0.170
32 0.168 0.208 0.229 0.265
40 0.208 0.252 0.273 0.322
50 0.255 0.290 0.331 0.366
120 0.506 0.540 0.641 0.663
300 0.904 0.964 1.080 1.086
550 1.309 1.370 1.470 1.513

Table 8.5. Bubble displacement amplitudes, in nmisr@s a function of pressure and frequency.

Oscillatory Viscous Shear Stress, Pa)

Pressure (kPa) 395 kHz 545 kHz 790 kHz 1.02 MHz
8 133.07 261.44 544 .41 887.51
19 292.81 585.95 1182.70 1948.90
32 465.33 932.85 1786.00 3036.70
40 573.70 1129.44 2136.70 3700.00
50 704.60 1296.09 2586.00 4189.40
120 1397.00 2418.38 5000.00 7603.60
300 2496.52 4315.60 8430.00 12446.00
550 3615.17 6172.10 11530.00 17342.00

Table 8.6. Oscillatory viscous shear stress, it&aas a function of pressure and frequency.
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8.5 Average Relative Mass Loss with Respect to BuletDisplacement
Amplitude

Figures 8.13 through 8.16 show the average relaiass losses (Equations 7.8
and 7.9), in percentages, for simulated bubblel@aigment amplitudes, reported in

micrometers, as shown in Table 8.5, for frequencfeé395 kHz, 545 kHz, 790 kHz, and

1.02 MHz.
395 kHz Average Relative Mass Loss vs. Bubble Displ acement
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Figure 8.13. Average Relative mass loss with resfeesimulated bubble displacement for 395 kHz.
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545 kHz Average Relative Mass Loss vs. Bubble Displ acement
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Figure 8.14. Average relative mass loss with resigesimulated bubble displacement at 545 kHz.

790 kHz Average Relative Mass Loss vs. Bubble Displ acement
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Figure 8.15. Average relative mass loss with resfgesimulated bubble displacement at 790 kHz.
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1.02 MHz Average Relative Mass Loss vs. Bubble Disp  lacement
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Figure 8.16. Average relative mass loss with restgesimulated bubble displacement at 1.02 MHz.
8.6 Frequency Dependence of Simulated OscillatoryuBble
Displacement on Average Relative Mass Loss

Figures 8.17 through 8.24 represent the averdgivemass loss of samples
exposed to 0.1 mL of Definity ultrasound contragtrat per 4 mL of degassed water
Only,Mr(US+UCA), calculated in Equation 7.9 and are plotted watspect to the simulated
bubble displacement amplitudes derived by solvirgMarmottanequations discussed
in section 7.6. Each figure is fixed for a specffressure and each data point represents
a different exposure frequency, with the diamormuesenting 395 kHz, the square
representing 545 kHz, the triangle representingki®g, and the “x” representing 1.02
MHz. (The legend is provided in Figure 8.17 forereince. This legend applies to

Figures 8.18 through 8.24 but is not shown.)
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Average Relative Mass Loss at 8 kPa vs. Simulated Frequency-
Dependant Definity Bubble Displacement Amplitudes
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Figure 8.17. Average relative mass loss vs. siradlaubble displacement amplitudes with varying
frequency at 8 kPa.

Average Relative Mass Loss at 19 kPa vs. Simulated Frequency-
Dependant Definity Bubble Displacement Amplitudes
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Figure 8.18. Average relative mass loss vs. siradlaubble displacement amplitudes with varying
frequency at 19 kPa.
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Average Relative Mass Loss at 32 kPa vs. Simulated Frequency-
Depdendant Definity Bubble Displacement Amplitudes
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Figure 8.19. Average relative mass loss vs. siradlaubble displacement amplitudes with varying
frequency at 32 kPa.

Average Relative Mass Loss at 40 kPa vs. Simulated Frequency-
Depdendant Definity Bubble Displacement Amplitudes
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Figure 8.20. Aveage relative mass loss vs. simdlatéble displacement amplitudes with varying
frequency at 40 kPa.
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Average Relative Mass Loss at 50 kPa vs. Simulated Frequency-
Dependant Definity Bubble Displacement Amplitudes
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Figure 8.21. Average relative mass loss vs. siradlaubble displacement amplitudes with varying
frequency at 50 kPa.

Average Relative Mass Loss at 120 kPa vs. Simulated Frequency-
Dependant Definity Bubble Displacement Amplitudes
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Figure 8.22 Average relative mass loss vs. simdlatéble displacement amplitudes with varying
frequency at 120 kPa.
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Average Relative Mass Loss at 300 kPa vs. Simulated Frequency-
Dependant Definity Bubble Displacement Amplitudes
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Figure 8.23. Average relative mass loss vs. siradlaubble displacement amplitudes with varying
frequency at 550 kPa.

Average Relative Mass Loss at 550 kPa vs. Simulated Frequency-
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Figure 8.24. Average relative mass loss vs. siradlaubble displacement amplitudes with varying
frequency at 550 kPa.
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Chapter 9: Discussion

9.1 Displacement Amplitude, Shear Stresses, and Mastreaming

Stable cavitation of Definity contrast agent alavith rt-PA has been shown to
increase lysis in human blood clots at 120 kHz {@at al. 2008). Stable cavitation is a
term used to describe the repeating oscillatiogasf bodies that do not collapse.
Acoustic pressures that induce stable cavitatierl@aw in amplitude. However, if
pressures are too low, stable cavitation will natw (Husseini et al. 2005). As
pressures increase, the cavitation becomes unskadding to inertial cavitation and
the destruction of the gas body. It is known thatiltating gas bodies induce
microstreaming. Lysis due to microstreaming is titduo correlate directly to the
induced shear stresses that occur from nearbyagiiesoscillating close to a rigid
structure (Williams et al. 1970; Rooney et al. 1972

While examining the effects of shear stressesag veported that there is a
threshold at which single gas body displacementliamde, , will cause cells to lyse.
This effect was shown to saturate, however, adtble displacement amplitudes
increased (Rooney et al. 1970). Figures 8.1 thr@iglshow the relative mass loss for
exposure frequencies of 395 kHz, 545 kHz, 790 kirizl, 1.02 MHz for varying
pressures, and Figures 8.13 through 8.16 showtrage relative mass loss with
corresponding simulated bubble displacement angdguas calculated with Equation
7.10 and shown in Table 8.5.

At a pressure of 8 kPa, it is hypothesized thathiheshold to cause lysis has not
been reached; therefore; no significant mass lossre. This suggests that even though

oscillating contrast agents are present, the asoily shear stresses, &sociated with
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8 kPa for each frequency are not enough to indogeadditional mass loss over
controls.

As the pressure is increased, which increaseh#wdtical displacement
amplitude of the bubbles, there is an increaskamassociated oscillatory shear stress,
Sc (Equation 7.13). As the oscillatory shear stregsa®ase, the relative mass losses
are shown to increase significantly, indicating tinader experimental conditions, the
threshold to cause mass loss is between 8 andd.9krer theoretical bubble
displacement amplitudes of 0.106 to 0.668, or 19 to 120 kPa, respectively, this trend
saturates and remains relatively invariable fofralljuencies until a pressure of 300 kPa
is reached. The saturation and invariability of blative mass loss with increasing
bubble displacement amplitude (Figures 8.13 thrdi@b), support earlier findings and
may indicate that oscillatory shear stresses a@oresible for the induced mass losses
seen (Rooney et al. 1970; Williams et al. 1970)péak rarefractional pressures of 300
kPa and higher, it is hypothesized that a sigmifiganount of the contrast agent has
collapsed and is no longer present to oscillatecaedte any significant shear stresses in
the vicinity of the clot. The lack of stable cawita, or oscillating microbubbles, means
there can be no increased cell lysis (Feril e2@04).

The invariability of the mass loss is also seewms&frequencies. Figures 8.5
through 8.12 show fixed pressures with varying dietcy. As the frequency is
increased from peak rarefractional pressures @b 1120 kPa (Figure 8.6 through 8.10),
the relative mass losses remain insignificant aceash frequency, P > 0.05. Looking
at relative mass loss as a function of the themakhubble displacement amplitudes

(Figures 8.18 through 8.22), it appears that ekendh the bubble displacement
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amplitudes increase as the source frequency ireseand thus the associated viscous
shear stress increases, the relative mass lossssesturated. Increasing the frequency
at these pressures does not increase the relaige loss. Although constantly infused
Definity contrast agent, under stable cavitaticas heen shown to increase the
thrombolysis of human blood clots, the responsdaiflysis at multiple frequencies is
not well understood (Datta et al. 2008). Frequesheyendence as well as pressure
dependence may give an overall picture of the mashainvolved.

While single-bubble oscillations were shown to icellhemolysis, an increased
number of oscillating gas bodies increased the amafuysis (Rooney et al. 1972).
The amounts of lipid microspheres present in 0.1lahDefinity contrast agent is
approximately 1.2 x Fbubbles. This quantity of oscillating contrastmigacreased
the amount of microstreaming and the associatear stieesses, which is hypothesized
to cause the increase in average relative massdoss

Figures 8.1 through 8.4 show that, for peak raotivaal pressures of 19 to 120
kPa, samples exposed to ultrasound and contrast hgee a significantly greater
amount of average relative mass loss than samppesed to ultrasound alone. At peak
rarefractional pressures of 300 and 550 kPa, waeignificant amount of contrast
agent is hypothesized to have been destroyedatheof bubble activity and the
associated lack of cavitation events correlat®wel mass loss. The lack of bubble
activity supports the hypothesis that the presef@scillating gas bodies, and thus
associated microstreaming, is an important andssacg requirement for increases in

relative mass loss.
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It is hypothesized that peak rarefractional pressoif 19 to 120 kPa is not
enough to collapse a significant amount of the ramtagent. Studies have shown that
the single bubble collapse threshold for Definityaa exposure frequency of 0.91 MHz
was reported at 1.4 MPa for a pulse duration &dtaycles. Collapse threshold trends
for Definity were shown to remain statistically anable with increasing pulse duration
but to increase with increasing frequency (Haail.€2007a, 2007b). The parameters of
this study’s exposure conditions were low freques¢il.02 MHz and below), CW
pulsing, and peak rarefractional pressures muchthes 1.4 MPa. However, no
certainty exists about the exact thresholds ofidgfioubble cloud collapse thresholds
at CW pulsing due to lack of research in this area.

As previously mentioned, peak rarefractional expeswessures of 19 to 120
kPa did show an opaque bubble cloud throughoug¢xpesure duration for samples
exposed to ultrasound and Definity. The opaqueendiipearance indicates that bubbles
are present in significant amounts (Definity 2008)e dissipation of the bubble cloud
indicates that all bubbles within the beam havéapsked and are no longer present in
significant amounts. Bubble cloud dissipation wesrsfor peak exposure pressures of
300 and 550 kPa.

An increase in relative mass loss for samples eegbts ultrasound alone for
peak rarefractional pressures of 19, 32, 40, 50,120 kPa is hypothesized to occur by
the ultrasonically induced formation and oscillatmf gas bodies that result in stable
cavitation and cause minor amounts of microstregr(@@iBrien et al. 2007). As
previously mentioned, stable cavitation has beepgsed as the main mechanism by

which ultrasound enhances thrombolysis (Datta.e2@8; Feril et al. 2004). The
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addition of a contrast agent is hypothesized toceiaee stable cavitational events, and
thus increase the amount of thrombolysis. Furthegmsamples exposed to ultrasound
alone at 300 and 550 kPa did not show any increasative mass loss over the
matched controls, as it did for peak pressure®9db1120 kPa. The peak rarefractional
pressure amplitudes were likely too great to sngte induced gas bodies and
collapsed any induced gas bodies much like it pska the Definity contrast agent

(Husseini et al. 2005).

9.2 Resonance

Mass loss was seen to increase at a frequenc@®MHz over 790 kHz
consistently through all pressure values examiAedexamination into the contrast
agent used, Definity, showed that as the frequémagased to 1.02 MHz, the resonant
frequency of the microbubble was being approachbd.resonant frequency is the
natural oscillating frequency. Definity has a rdpdrresonant frequency between 1 and
4 MHz and correlates to a resonant frequency deperedof

325
r 1

(9.1)

with r being the radius in micrometers (Chatterjee 2@05). When the resonant
frequency is approached, the oscillations of thérig contrast agent become
maximized, increasing the amount of microstreanaictivity, which is hypothesized to
affect the overall relative mass loss. The sizéhefmicrobubbles affects the resonant
frequency as well, with smaller bubbles resonatingigher frequencies than larger
bubbles. Definity’s published mean diameter rarfga® 1.1 to 3.3 m, which would

put the resonant frequency between 2 and 6 MHz.
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A contrast agent, such as Definity, also may rewoatultraharmonics and
subharmonics and may be responsible for increaseslih human clots (Datta et al.
2008, Husseini et al. 2005). Ultraharmonics anchauimonics act as alternate resonant
frequencies. It is hypothesized that subharmortigiacaccounts for the average
relative mass losses at all pressures being grattefrequency of 395 kHz than at
frequencies of 545 and 790 kHz. Figures 8.1 andBodv that the average relative
mass losses for samples exposed to ultrasoundoatichst agent at frequencies of 395
kHz and 1.02 MHz, respectively, and peak rarefometi pressures of 19, 32, 40, 50,
and 120 kPa are consistently and significantly grethan the average relative mass
losses of samples under similar exposure condiabfrequencies of 545 and 790 kHz.
At exposure frequencies of 395 kHz and 1.02 MHig piossible that the resonant
oscillations of Definity create more microstreamaryl therefore more average relative
mass loss over non-resonant frequencies of 545@0d#&Hz. The average mass losses
at a peak pressure of 19 kPa for frequencies @ ¥z and 395 kHz (Figure 8.2) are
not statistically significant, another indicatidrat at resonant frequencies there is

maximal microstreaming and thus maximal relativessrass.
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CHAPTER 10: CONCLUSIONS

Whole human blood clots were exposed to ultrasaumy and ultrasound with
Definity contrast agent, to test the hypothesis tisaillating microbubble activity,
which causes microstreaming, is the main mechargesponsible for contrast agent—
enhanced thrombolysis. Samples were exposed tcnaouns wave ultrasound at
varying frequencies and pressures and then werpa@u to matched controls that
were present in the same environment but did ndérgo ultrasound exposure.

Frequency dependencies as well as pressure demeeslarere examined to
determine relative trends. Results were presehtgdshow samples exposed to
ultrasound and Definity contrast agent had sigaifity more mass loss than did
samples exposed to ultrasound only.

Gas bodies believed to be oscillating at resonansebharmonic frequencies
were shown to be most efficient in thrombolysisamement, and the results agree
with those of earlier studies (Datta et al. 2008ss$¢ini et al. 2005). Peak rarefractional
pressures amplitudes, which were hypothesizedve ballapsed a significant amount
of contrast agent and therefore did not sustaiillason activity, showed no increase in
relative mass loss. Furthermore, low pressuredamdrequencies were shown to be

more likely to sustain stable cavitation.
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APPENDIX A

Figures 1.1 through 1.4 show calibration curves38b kHz, 545 kHz, 790 kHz,
and 1.02 MHz. Pressures are plotted with respefttriction generator voltage in

milivolts.

395 kHz Calibration Curves, ¢ =1524, RD=2.6 cm

0.6
05 _*
0.4 ;//"/

0l . /LI/‘ 1
N ) /E/I/

o T

[MPa]

Peak Rarefractional Pressure

0 ‘ ‘ ‘ ‘ ‘
0 100 200 300 400 500 600
Voltage [mV]
Figure A.1. Calibration curve for 395 kHz.
540 kHz Calibratoin Curve, ¢ = 1524, RD =3.5cm
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Figure A.2. Calibration curve for 545 kHz.
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Peak Rarefractional Pressure [MPa]

790 kHz Calibration Curve, ¢ = 1524 m/s, RD = 5.20 cm
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Figure A.3. Calibration curve for 790 kHz.
1.02 MHz Calibration Curve, ¢ = 1524, RD = 6.71 cm
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Figure A.4. Calibration curve for 1.02 MHz.
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APPENDIX B

Figures 11.1 through 11.4 are —6dB beamwidth plats395 kHz, 545 kHz, 790 kHz, and

1.02 MHz.

Figure B.1. 395 kHz, —6dB beamwidth.

Figure B.2. 545 kHz, —-6dB beamwidth.
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Figure B.3. 790 kHz, —6dB beamwidth.

Figure B.4. 1.02 MHz, —6dB beamwidth.
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