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CHAPTER 1

(General introduction



2 CHAPTER I. GENERAL INTRODUCTION

1.1 The heart

‘The human circulatory system is the fransport systom that supplies nutrients and oxygen (O)
to the tissues, returns carbondioxide (COs) to the lungs and other products of metabolism to
the kidneys, funclions in the regulation of body temperalure, and distributes hormones ane
other agents that regulate cell function!. The blood is the carvier of these substances, and
is pumped through a closed system of blood vessels (the vascular system) by the heart. At
any one time, only 5% of the circulating blood is in the capillaries, but this 5% is in a sense
the most importaut part of the blood volame hecause it is across the systemic capillary walls
that O, and nutrients enter the interstitial fluid and CO; and wasle products enter the blood
stream”. The exchange across the capillary walls is essential to the survival of all tissues in the
body. Couscquently, the pumping action of the heart is fundamental to adequate nutrition of
cells and maintenance of the internal environment by blood.

A long-axis cross-seclion of the heart is shown schematically in fgure 1.1. The heart consists
ol four chambers, wiz., the left and right atrium and veatricle, respectively. The ventricular
cavities are separated by the septum. The left atrium is separated from the left ventricle by
the mitral valve, and the right atrium from the right ventricle by the tricuspid valve. The
right side of the heart takes care of the pulmonary circulation, while the left side takes care of
the peripheral circulation of the body. For the puinionary circulation, blood with a low oxygen
content flows into the right atrivm. Upon relaxation, blood from the right atrium flows into the
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Figure 1.1 Schemulic long-avis anterier view of a eross-section of the heart. Reprinted with permission {Bryan
Edwards Publishing Corp., Anaheim, CA, USA).
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right ventricle, and with the next heart heal it is pumped to the lungs where it is enriched with
oxygen. At the same time, blood enriched with oxygen flows from the Jungs into the left atrinm
and venlricle, and subsequently is pumped via the aocrta into the body. The heart chambers
arc covered with a strong muscle, the myocardium, which is responsible for the pumping action
of the beart.

The myocardium is supplicd with blood through the coronary arteries to [ulfll its function.
When the blood supply to a portion of the myocardium is recluced, the celly are partially
deprived of Og, which is called ischemia. When the blood supply to part of the myocardinm
is severely compromised, muscle cells die and the area becomes necrotic, 4.¢., a myocardial
infarction occurs®. The canse ol myocardial infarction is usnally occlusion of a coronary artery
by a thrombus in a region narrowed by atherosclerotic placgues. Acute myocardial infarction
remaing one of the most cormmon causes of death in the western world.

Myocardial perfusion is generally assessed using medical imaging moedalitics that rely on ra-
dionuclides, such as positron emission tomography (PET), and single proten emission computed
tomography (SPECT). However, these imaging modalities use ionizing radiation, are not re-
peatable and are expensive. Myocardial contrast echocardiography {(MCE), on the other hand,
is a new and promising technigue that may be used as an alternative to PET and SPECT,
and is based on diagnostic nlirasound imaging. Ultrasound imaging has several advantages
compared to SPIROCT and PET, wz., il does not use jonizing radiation, it is repeatable and
relatively cheap.

1.2 Ultrasound imaging

Diagnostic nltrasound imaging is bascd ou transmilting and receiving sound waves with fre-
quencies ranging from 1-50 MHz. The waves are generated by a transducer cousisting of
pleso-electric crysials which convert electric signals into ultrasonic pulses®. The transmitted
wave propagates through a medium until it hitg a refllecting object, and the reflecied wave is
received by the same transducer. The time between transmission and reception is directly re-
lated to the distance from tlie source to the reflecting object by the assumption that the speed
of propagation is constant in the mecdium. Ultragsound can travel through water and soft tissue,
and is therefore a suitable technique lor non-invasive imaging of strnctures inside the haman
body, Omne of the major benefits is that it is harmless for soft tissue, opposed to X-ray imaging
and nuclear imaging techniques. Until now no indications have been found that state otherwise
at the energy levels that are currently used in diagnostic ultrasound imaging.

The resolution of ultrasound imaging is directly refated to the frequency used, i.e,, the higher
the frequency the better the resolution will be. However, high frequency ultrascund waves ave
maore atlenuated than low frequency ultrasound waves, which limits the peuetration depth.
Consequently, the frequencies wsed for imaging are a trade-off betwoeen optimal resolution and
desired penetration depth. Typical frequencies of 2-7.5 MHz are used to image large organs in
the body. The imaging resolution obtalned with these [requencies is in the ovder ol millimeters.
When the organ that has to be imaged is small and the transducer can be placed close to
the region ol interest, the {requency can be increased. Typical frequencies for intravascular
applications (4.e., from inside a blood vesscl) ranges between 20 and 50 MHz, which corresponds
to an imaging resolution in the order of 75 pm.
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1.3 Ultrasound imaging of the heart

The history of ulirasonnd in cardiology started in 1954 when Edler and Hertz used a single
element, transducer to produce an A-mode (amplitude-mode) image on a normal cathode ray
tube®. In A-moede imaging, the amplitude of an echo is displayed as a fanction ol depth®. This
important breaktlirough initiated the development of new imaging modalities. Tn M-mode
(motion-mode) imaging, ithe amplitucde of an echo is transformed inle a grey level, and the
positions ol the echoes are recorded as a function of time. This cuables the study of motion of
rellecting structures®, which is nseful especially [or imaging moving objects such as the beating
heart. The first ultrasound M-mode images ol the heart were produced Ly Edler and Hertz’. In
the period from 1960 until early 1970 great progress has heen made i real-time 2-dinmensional
{2D) mmaging through advances in transducer technology, electronics and theotretical acoustic
hindamentals.

A 2D sector iinage is constructed when the sound beam is swept through the scanuing plane,
either by mochanical steering {meehanical sector scanners) or by electronical steering (electronic
seclor scanners). With a mechanical sector scanner, a single acoustic element is mechanically
rotated avound an axis. In this way, the element is pointed in the desired direction while
transmitting the sound pilses and receiving the echoes. In electronic sector scanners, better
known as array transducers, which countain several acoustic elements in line, the transducer
is fixed in position while the beam is steered clectronically. The elements can he activated
subsequently, like with linear array transducers’, resulting in a linear scan. The elementis
can also be activated aimost simultancously like with phased array transducers, where the
phase relations ol the individual acoustic clements are changed. By rapid electronic switching,
21 cross-sectional images are created without moving the transduocer, and therefore allows real-
time imaging. Like with M-mode imaging, the amplitude of the echoes is transformed into
grey levels and a B-mode (brightness-mode) image is obtained. In 1968, Somer® constructed

Figure 1.2 (A} Image of a trans-thoracic phased aviay fronsducer. (B) Typicel wlirasound isnoge of the heart,
showing an epical four chember view. fV=vight ventricle; RA=vrighl alrinm; LV=left veniricle; LA=left ven-

; IV S=intraventicular sepiwm; MV=mitrol valve.
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the first phased array transducer for intracranial B-mode imaging. The phased array technique
was refined by Thurstone and von Ramm?®, and is still the most widespread technigue used in
cardiac ultrasonnd. Three types of transducers that are currently used in echocardiography
will briefly he described below.

Trans-thoracic echocardiography. When the transducer is placed on the thorax of a
paticnt, the ultrasound scanning techuigue s called trans-thoracic echocardiograply (TTI,
fignre 1.2). Sinee the heart is not located near the transducer, relative low ultrasound fre-
quencies {1 5 MHz) are used to ebtain enough penetration. However, this resulls in a limited
imaging resolution. Additionally, the sound waves have 1o pass the ribs and the lungs, which
are the main sonrces of attenuation and artifacts, Therelore, the lootprint of a phased array
transducer used for cardiac applications is small {Hgure 1.2A), since it has to be placed hetween
the ribs. With this types of transducer, 2D images ol the heart can be obiained as shown in
figure 1.2, where the four heart cavities are clearly depictod.

Trans-esophageal echocardiography. The majority of the patients visiting the cardi-
ologist can be screened by means of TTE. However, for some patients it is not possible to
obtain ccho images of sulficient quality with TTIE to allow diagnostic interpretation. In this
situation trans-esophageal echocardiography (TSR] may provide definitive diagnostic informa-
tion!®. TEE is based on trausducer miniaturization which makes it possible to image the heart
from the esophagns, ¢.¢e., the transducer is swailowed by the patient and positioned right behind
the heart. Figure 1.3 shows a pediatric high frequency (7.5 MHz) varioplane TEE transducer'®,
In case of congenital heart diseases, for example, newhorn habies of 1 week old can be imaged
and cdiagnosed with this small transducer.

A

Figure 1.3 (A} Pediatric high frequency (7.5 MHz) varioplane TEE probe. {B) Anatomic wiew of the hearl
of @ huby obteined with the varioplane TEE probe shown in (A). LA=Ieft otvium; AO=corta; MV=wnifral valoe;

LV=left wentricle; [VS=intraventricolar seplum; BV —righi vendricle.

The advantage of TEE is that the altrasound waves are not hampered by the chest wall
and echograplic artifacts created by the hings and ribs’'. Since the transducer is positioned
close to the heart, higher frequencies (5-7.5 MHz) can be used, and therefore, a higher imaging
resoluticn can be obtained. Another application of TEE is in the operation room. During
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surgery, continieus cardiac monitoring of the left ventricudar function can be ebtained witheut
intervening with the surgical procedure.

Intravascular ultrasound. Small arteries, like coronary arteries, can not be imaged with
sufficient resolution with TTE and TEE. Iniravascufar ulérasound (TVUS) is a technique to
acoustically survey arteries from within the lumen by means of a catheter {figure 1.4A). Cross-
sectional mages of a vessel are generated by sweeping the altrasound beam sequentially in a
360° scan angle, cither mechanically ™ or electrenically'. With this technigue, real-time eross-
sectional images of the vessel wall aud possible plaque depositions can be obtained (figure
L.4B). IVUS images provide tomographic information of the vesscl, contrary to angiographic
imaging techniques which only provide a projection of the vessel. Thevetore, IVUS provides
different diagnostic information as compared to X-ray angiography.

A

agoustic elements <

gelatin
embedding

catheter plague

ntima fumen
media

adventitia

Figure 1.4 (4) Intravescelor sltvesound catheters (IVUS). Top: mechanical rototing single-element catheter.
Bottom: electronically switched phased arvoy cothieter consisting of 64 elements (EndoSonics Corporation, Ran-
eho Corvdova, CA, USA). TVUS image of an iliac arlery (B}, The 3-loyered structure of the vessel well, ie.,
intime, media and edventitia, and o plegee ot 3 o'clock wre clearly visible (courtesy E.I. Céspedes, EndoSonics
Corporation, Ranchoe Cordova, CA, USA und C.1.. de Kovte, Evusmus University, Rottevdam, The Netherlands).

1.4 Ultrasound contrast agents

With TTE, the scattering of Dlood is low compared Lo the scattering of surrounding tissue.
Normally, blood flow in large vesscls is detected with Doppler techniques, Nevertheless, for the
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assessment of myvocardial perflusion, the scattering of blood is approximately 30-40 dB3 lower
than the scattering of myocardial tissue'™'®. The scattering of hlood can be cubanced by using
an ultrasound contrast agent, which allows imaging of organ blood low.

Contrast echocardiography started when Gramiak and Shah noted that the intracardiac in-
jection of indocyanine green dye produced a cloud of echoes on the M-mode echocardiogram!?.
Moreover, it was noted that the injection of almost any liquid throngh a small bore needle or
catheter would produce this contrass effect. The source of this eflect was atiributed to the
generation of microbulbles during injection as a resull of cavitation mechanisms. Crirrently,
some production metheds of ultrasound contrast agents are based on the principle of cavita-
tion'®. Therefore, theoretical expressions describing eavitation have proven Lo be very useful
for understanding the interaction belween ultrasound and gas bubbles. Atchley!® has given an
excellent overview of the historical background on cavitation.

Contrast echocardiography is a diagnostic method for the imaging of blood flow within
vessels, heart, chambers and left ventricular myocardium. Basically two different types of in-
formation can be oblained, vz, anatomical information like the distribution of the contrast
agent within the heart, and physiological information like ehanges of flow. Fromn 1980 until
now, extensive research has been perforined in order to make contrast echocardiography an cs-
tablished diagnostic technique. 1 the begiuning of this period, investigalors were forced to use
Liome-made contrast agents. Later on, the first commercial agents became available althougl
still in the experimental stage.

Tn 1989, Ophir and Parker®® gave a swnmary of the use of ultrasound contrast agents in
madical imaging. Five types of agents with diflerent physical properties were classified, viz., free
gas bubbles, encapsulated gas bubbles, colloidal suspensions, emulsions and aqueous solutions.
In those days, it was a main challenge to produce the ideal contrast agent which met the
following criteria®:

e proportional distribution of the agent within the heart chamber or miyocardium according
Lo the blood flow distribution

e stability of the agent to persist during the time of analysis or longer

e small size of the agent (less than 8-10 pm in dimmeter) enabling them to pass through
the pulmoenary system

e congtant concentration
e physiological inert

Cirent. contrast, agents meet most of Lhese criteria, and have mean diameters ranging be-
tween 3-5 g, They contain either air or gases that dissolve poorly in the blood, Additionally,
the agents can be stabilized by encapsulation to avoid rapid digappearance. More than ten
agents are carrently under investigation and tested in clinical trails {table 1.1). Howcver, there
are only three tramspulmonary agents convuercially available, viz, Lovovist® (Schering AG,
Berlin, Germany), Albunex® and Optison™ (Mallinckrodt, St. Louis, USA).



8 CHAPTER 1. GENERAL INTRODUCTION

Table 1.1 Status of transpulmonery ultvasound contrast agents that are curvently under investigolion or being
cvaluated in elinical trails, snd comanercially available {due to the rapid development of wllrusound contrast

agents, this list is ikely to be out of dote at the time of publication of ihis thesis; December 1999),

Name Manulacturer Type {shell / gas) Status. Available
Albunex™ Mi/Mallinckeodt Sonicated HSA '/ Air Approved USA / Lurope
. st - . FDA not approved / .
Levovist Schering AG Galactose / Air Approved i Earopo Europe / Japan
Dodecafluoropentane
Echogeum SonusfAbbott (DDFP) in a sucrose Approved USA [ Europe
solution
SonoVuc' Hraceo Phespholipid / Suitir Phage [1/H]
hexafluoride
Optison™ aBiMallinckrodt Sonicated HSA / Approved USA / Europe
Perlivorocarbon
Quantison’ Quadrant Lid. Spray-dried HSA™/ Air Phase 1T Evrope
Dr_‘ﬁnilym Dupont Merck/imaR, Lipusomes / FFI2A approved
Perfluorocarbon
Sonazoid" Nycomed Palymer / b_ullur Phase IF Europe
hexafluoride
Tnagent” | Alliance/Schering | T rctant menthrane / Phase [ USA
- Perfluorchexane - air
Hisphcrc" Point Biomedical Potymer - HSA"/ Air Phasc 1
AT-700 Acusphere ne. Puiy:lxc:‘(}fLG:\) fEow Phuse [ USA
solubtlity gas

' = human serum albLUmin

1.5 Aim and organization of this thesis

As ils utilization as an imaging tool, diagnostic ultrasound is sccond only to Xeray, Ultrasound
traditicnally has been performed without a contrast agent unlike other forms of diagnostic
imaging, such as CT or MRL Howcver, a considerable number of ultrasound examinations
procdduce suboptimal results. Ultrasound contrast agents have the potential 1o enhance such
images by increasing the contrast between diseased and normal tissue or argans. Beller quality
images provide physicians with the information they need for a diagnosis and, in many cases,
prevent patients Irom undergoing additional testing.

New contrast-specific detection strategies are continuously heing developed and have ve-
suwlted in improved ultrasound contrast images. However, the “holy grail”, i e., perfusion imag-
ing, still is yiclded by disappointing results. The aim of the study described in this thesis
was to acoustically characterize nltrasound contrast agents, and to develop a contrast-specific
detection strategy based on coutrast-specific characteristics.

In chapter 2, a Rayleigh-Plesset-like equation is dervived, which deseribes Loth the linear
and the nonlinear characteristics of shell encapsulated gas bubbles. Experimental results show
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that theory and model agree reasonably well for moderate acoustic pressures, for agents like
Quangisoun™ . Myomap™ and Albumex®. Of particalar juterest is, however, the transient
enhanced scattering phenomenon, shown by the majority of contrast agents at high acoustic
pressures. This phenomenocn is deserthed in chapter 3, and explained by a “dualistic” scattering
characteristic of the bubbles, which is not shown by tissue and, therefore, is a unigue signature
for contrast agents.

A novel imaging strategy is introduced in chapter 4, that specifically employs the transient
behavior of ultrasound contrast ageots. In chapter 5, this imaging method is extended for
cardiac applications, {.c., contrast-agent detection within moving tissue. In chapter 6, au
overview is given of ultrasound contrast imaging methods that are currently available or nnder
investigation.

As was stated by Tickner*: “A non-invasive cath-lab has long been a dream in the medical
community”. Currently, parameters like blood flow and cardiac pressure are measured inva-
sively by the use ol catheters. Determination of blood flow by contrast cchocardiography has
exlensively been studied. In chapter 7, a novel technique is described for non-invasive deter-
mination of the local pressure by measuring the disappearance time of free gas bubbles. Free
gas bubbles are released from encapsulated gas bubbles, and a pressure disappearance-time
relationship is determined. Instead of gas, other compounds like drugs can be released from
microspheres. In chapter 8, a preliminary study is presented on ultrasound directed drug de-
Hvery by means of microcapsule carriers. This may be a new potential technique for local drag
treatment.

Acoustical measurements have already proven to provide useful information about the in-
teraction between ultrasound and the conirast agent. However, aptical technigues may provide
direct visual information, especially about phenomena that arve not [illy understood vet, like
the transient bhehavior. In chapter 9, a method is deseribed to study the oscillations of single
bukbles in a ultrascund fiekl, in real (ime. Such a study is of great imporiance since it could
improve and expand our understanding of the interaction hetween ultrasound and the contrast

agent.
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CHAPTER 2

Acoustic modeling of shell-
encapsulated gas bubbles at moderate
acoustic pressures :

Abstract

Fuisting theoretical models do not adeguately describe the scatier and altenualion properties of
ultrasound contrast agents with « relatively thick shell like Quantison™. An adupiled version
of the Rayleigh-Plesset equation, where the shell is described by a viscoelustic solid, is proposed
and validoted for this agent. The lincar ottenuation ond scotfering properties were predicted
based on the measured size dislribulion. For all the results, the difference between measured and
caleulated scattering was less than 3 dB. The nonlinear response was mindmal because of the
high stiffness of the shell. The model was also used for predicting the scatter and altenualion

properties of other contrast agents like Myomap™ and Albunea®,

Based en the publication: “Aconstic modeling of shell-encapsulated gas bubbles” by Peter J.A. Frinking
and Nico de Joug, Ultrasound in Medicine and Biology, vol. 24, no. 4, pp. 525-538, 19498.
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2.1 Introduction

Nowadays, conventional diagnostic ultrasound systems provide excellent information of struc-
tures and funetion of different kind of organs. However, low volume flow or very small vessels
agsociated wilk tumor vascularity often arve difficult to detecl using current diagnostic ultra-
sound systems. Furthermore, evaluating the perfusion of tissue o a certain organ currcntly
is not [easible and may, in the future, bhecome possible with the help of ultrasound coutrast
ageuts. Crucial criteria for ultrasound contrast agents to be successtul include their ability
1o pass through the lung cireulation after an mtravenous injection and that they survive the
maxiium pressure developed in the left ventricle, For passing through the pulmonary systemn,
the diameter should be less than 8-10 um ' However, free-air bubbles {(first geueration ul-
trasound contrast agenls) ol this size tend to disappear within 1 second®, depending on the
dissolved gas concentration of the liquid. Encapsulating the small gas bubbles by a relatively
thin albumin shell {Albunex®, Molecular Biosystems, San Diego, California, USA} or stabiliza-
tion hy galactose and palmitic acid(Levovist®, Schiering AG, Berlin, Germany) prevents them
[rom rapid disappearance. These are the so-called second generation agents, which show good
apacification of the left ventricle cavity. The third genevation contrast agents can be distin-
guished by prolongation of the life-times either by increasing the stiffness of the hubble shell
(Quantison™, Quadrant Lid., Notingham, UK; Sonovist®, Schering AG, Berlin, Germany) or
by using gases that dissalve poorly in blood (Optison™ ) Molecular Biosystems, San Diego,
USA; SonoVue™  Bracco Research 5.A., Geneva, Switzerland; Imagent US, Alliance Pharma-
centicals, San Diego, USA; Echogen™ | Sonus Pharmaceuticais, Bothell, USA; Acrosomes™,
ImaRx Pharmaccuticals, Tucson, USA). Thus, the microbubbles persist for a long time, al-
lowing extensive examinations of heart, functions, a8 well as the micro- and maerovasculatures.
Using new techunologics such as harmonic imaging®, these agenis allow echographic myocardial
opacilication.

Previous related work

Although bubble dynamics has been a field of research since the mid-1800s, a first theoretical
deseription of the bLehavior of hubblas exposed to an external pressure field was developed by
Lord Rayleigh®. Since then, much rescarch has been carried out and resulted in an extensive
deseription of the hebavior of small gas bubbles under acoustical stimulation. Tree gas bubbles
are perlect scattering objects for ultrasoumd®%7. Tlowever, encapsulated gas bubbles behave
differently. Changed mechanical properties such as vesonance and viscous or [riction damping
are introduced by the shell and influence the acoustic propertics.

de Jong et al 591 and de Jong and Hof! developed a theoretical deseription for the behavior
ol encapsulated gas bubbles, which was validated by extensive experimental resulls. Treating
the shell as surface lavers of elastic solids, they adapted Medwin’s® approach describing the
hehavior of resonating gas bubhles, and the Rayleigh-Plesset equation describing the nonlinear
motion of encapsulated gas bubbles. By introducing elasticity and shell friction parameters,
they caleulated the scatier and extinction cross-section of Albunex®. By fitting their theoretical
model to transmigsion measuremenis, they wore able to estimate these two parameters. They
concluded that encapsulation vesults in an incrcase of the resonance frequency and a decrease
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of the scattering amplitude. They also found that the second-harmonic response for Albunex®
is 20-30 dB lower than the fundamental response for an acoustic pressurve of 50 kPa, and is
mueh lower than for free gas bubbles.

Work done by Chureh'? is based on theoretical derivations and describes the effect of encap-
sulation on individual and collective bubble oscillations. By including the shell as a continnous
layer of incompressible solid elastic material, he derived a Rayleigh-Plesset-like equation. The
equation predicts that the surlace layer supports a strain that conuters the Laplace pressure
(surlace lension) and thereby stabilizes the bubble against dissolniion. An analytical solution
of this equation was presented, which inelndes botl the [undamental and second-harmoenic re-
sponse. Adapting ihe dispersion relalion, he showed that the change in acoustical velocify in
liquids containing suspensions of Lubbles is affected by the shell. All examples include the
inflnence of the shell parameter from no shell to a shell elasticity of 150 MPa. For values of
88 MDa for the shell elasticity and 1.77 Pa-s [or the shell viscosily, his conclusions agreed with
those of the de Jong and Holl'' concerning scatiering and attenuasion of Albunex®,

Hoff™ proposed an approach describing the shell of the cucapsulated ballle by a complex
Young's modulus derrved from the Kelviu-Voigt model for viscoelastic solids. The stiffness of
the shell reduces the compressibility of the particles, resulting in an increase of the resouance
frequency. The viscosity of the shell increases the damping constant of the particle-liquid
system, decreasing the scattering amplitude. Tmplementing this in the linear model of Medwin®,
the calculated atténuation spectra were fisted to the measured spectra, giving values [or the shell
clasticity and viscosity. He conciuded that the aconstic allenuation specira can be predicted
with this medel.

Tn this chapter the ultrasound contrast agent Quantison™ is described. Fivst, an overview is
given of the basic properties, such as size and mechanical stability, Next, a Rayleigh-Plesset-like
equation will be derived describing the scatter and attenuation charvacteristics as a function of
frequency of encapsulated gas bubbles, Experimental vesults show that theory and model agree
reasonably well for Quantison™ as well as for other agents such as Myomap™ {Quadrant Ltd.,
Nottingham, UK), formerly known as Quantison-Depot™ ) and Albunex®. All three agents
consist of air bubbles encapsulated by an albumin shell. Besides the scatter and attennation
properties, the scattering-lo-attenuation ratio (ST AR), a measure for the scatier effectiveness
of the contrast agent, will be discussed. Finally, the sccond-harmonic response of Quantison™™
will be calculated. The models described by de Jong et al.#% de Jong and Hoff™ and Charch'
are limited for predicting the acoustic properties of encapsulated gas bubbles with a relatively
thin shell. Therefore, the approach used in this ¢hapter is based eon the viscoclastic approach
described by Hoff'?, However, his description is only valid for low acoustic amplitudes, Z.e., in
ihe linear range, In this chapler, a morc general formula is developed, which describes loth
the linear and the nonlinear motion of the bubiie.

2.2  Quantison™

Quantisen™ consists of air bubbles encapsulated by a shell of human albumin, which closely
resembles native soluble human serum albumin, The shell is formed by spray-drying a solution
of human albumin and is stabilized Ly heat fixation or chemical cross-linking. The final product
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Figure 2.1 Novmnalized size distribution of Quantison™ with dinmelers ranging from 1.46 Lo 7 pon. Distribu-

tion was measured with the Covlier Counter® Multisizer II with an aperture of 10 pm employing 256 channels.

is & dry powder that must he resuspended belore use. The mean diameter is 3.2 pan and less
than 0.5% of the bubbles are larger than 6 pm. The size distribution, as mcasured with a
Coulter Countere Multisizer I {Coulter Electronics, Lutton, UI), is shown in fignre 2.1. The
shell thickness is 200-300 nm and proportional to the hubble diameter. Figure 2.2 shows an
electron microscopic recording of the cross-scetion of a single fractionated Quantison™ bybble;
from this figure the thickness of the shell can be appreciated. As a result of the relatively
thick shell, the Quantison™ hubbles are robust and able to withstand static pressures up to
600 mmHg without losing the air it contains, The density of the air-filled bubbles is ap-
proximately 780 kg/m?. The particle concentration is about 1.5x10% bubbles per mi, which
corresponds to 8 gl of air per ml.

Figure 2.2 Electron microscopic view

of a “fractionated” Quaniison™ micro-

sphere.
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2.3 Theory

To examine the dynamics of shell-encapsulated gas hubbles, a model developad by Rayleigh is
used as the theoretical basis. The bubbie is considered 1o be spherical and surrounded by an
incompressible Hiquid of infinite extent. The liguid is assumed to be Newtonian, so the viscosity
ts constant. The bubble volume is defined by a single variable, the radius, and the motion is
assumed to be spherically symmetric. The wavelength of the ultrasound field is much larger
than the radius of the bubble and only the motion of the bubble sintace is of interest. The
equation of motion of the bubble wall is given by':

T
PRE + S pH* = pi = pes, (2.1)
where
IR = instantaneous hubble radins
R = first time dervivalive of the radius
R = second time derivative of the radius
2 = density of the surrounding medium
pr. = liquid pressure at the bubble wall
Do = Hyuid pressure at inlinity,

The Hguid pressure ad infinity can be expanded to p, + P{1}, with

Po = hyedrostatic pressure
P(t) = time-varying applicd aconstic pressure
t = time.

From this point, the present derivation deviates from the standard derivation of the Rayleigh-
Plesset. equation. The assumption is made that the presence of the shell completely dominates
the motion of the bubble wall. Therefore, the bubbles are considered to be elastic particles,
which have an effective buik modulus, I, p, deseribing the clasticity, and a friction paraineter,
Sr, describing the viscosity of the shell. For a spherical volume 1V deformed by a quasi-static
pressure change AP, which is uniform over the bubhle surface, the volue strain is —AV/T
and the elfective hulk modulus is given hy'™:

AP

Since the volume is spherical symmetric and delined by the radius, the volume strain can be

where R, is the equilibrium bubble radius. Combining equations (2.2) and (2.3) gives:

fi'gff = -1 (22)

wrillen as:

I 3
AP = =Ky (R—) ~1]. (2.4)



18 CHAPTER 2. ACOUSTIC MODISLING

The pressure change AP, which causes the volume change of the bubble, can be split into three
parts: 1) the liquid pressure at the bubble wall (pp), 2) the pressure caused by damping of the
bubbie-liquid system (py) and 3) the hydrosiatic pressure (p,), giving:

AF = 71+ g — Po- (23)

Substitution ol equations (2.4) and (2.5) into equation (2.1}, and using the expanded expression
for pe vields:

-3 RY®
PR+ épRz =—Nepp ((E) — 1) —pa— P{). {2.6)

An expression for py can be derived from the equation ol motion of a damped [orced os-
cillator™, equating the damping pressure, multiplied by the hubble suiface, to the damping
force:

dr RBPpy = SR, (2.7)

where [ is the niechanical resistance. Together with the expressions of Medwin® for the total
damping cocflicient, &, = 8/(wm) and the effective mass m = drE*p, the damping pressure

can be written as:
Pa = drpu R, (2.8)

wlere w is the angular frequency. Equations (2.6) and {2.8) pive the final expression:
.3, Ry .
[)RH + !Epill)z = _-[(eff ((?) — i) — (Smtu,’ﬂf]).f]). — _P(t), (29)

which is the Ravlcigh-Plesset-like equation describing the motion of the wall of an encapsulated
gas bubble.
The total damping coeflicient &y is the sum of four components,

8t = Grea + Oyig + dyp + 6{?': {210}

where the first three terms on the right are described by Medwin®:

Grea = damping due to reradiation
dpis = the damping due to shear viscosity in the surrounding medivm
Oy, = the damping duc to thermal conductivity.

The last component, dy,, is the damping due to internal friction or viscosity of the sheil and is
given by Hofl'®:
331;‘
G = ——. 2.11
# wph? ( )
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Limitations

Comparing cguation {2.9) with the standard Rayleigh-Plesset equation for an ideal gas hubble®,
several comments can be made. The vapor pressure is neglected hecause, for a free-air hubble
in water at room temperatuve, its contribution is only around 1% of the bulk modulus. So,
for cucapsulaled bubbles, which have a higher elfective buik modulus, ils contribution will
be cven smaller. Swrface tension is neglected because there is no diveet liquid-gas interface.
The viscous and reradiation damping cocfficients are assumed to be the same ag for free gas
bubbles, becanse they ocour in the fluid and are independent of the presence of the shell. The
presence of the shell has an ellect on the thermal damping. Tt is considered that the shell has
a heat capacity that is insuflicient to exchange the energy from the gas to the liguid during
expansion and compression. This means (hat there is no substantial net flow of heat into
the liquid and that the process is adiabatic. Additional limitations may oceur for nonlinear
bubble oseillations. The damping coefficients as well as the effective bulk modulus and friction
parameter are devived {rom linear theory and therelore are independent of the applied acoustic
pressure.

Scattering cross-section of a single bubble

The solution of equation (2.9) resulis in an instantancous radius, velocity and aceeleration of
the bubble wall, The scattered sound pressure, p,{nw}, at the hubble wall (including higher

Larmonics) in the frequency domain igt’:

[0y (n}| = |prw R, R (ne)] (2.12)

where n is the harmonic number {(n = 1,2,3,...,1/2,1/3,...). The scattering cross-section,
as{w, ), is used as the parameter defining the aconstical hehavior of the bubble and is defined
as the quotient of the scattered power and the incident acoustic intensity. The general expression
for the scattering cross-section in the frequency domain including higher harmonics is:

) ]2
o, (nw) = -hrH?M (2.13)
A VYT B
where P(w) denotes the applied acoustic prossure.

Mixture of bubbles

For a mixture of bhubbles, the scattering cross-scction can be calculated nnder the assumption
that: 1) the bubbles are nnifonily and homogeneously distribuled, and 2) multiple scattoring
is negligible. Thus, every bubble can be considered as an individual scattering object. For a
given size distribution, the scattoring cross-section of each individual hubble is multiplied by the
respective number of each bubble size. The scaliering coefficicnt (total scattering cross-section
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per unil. vohnne), pu(w), then is obtained by summation of all the individual contributions
according to {n = 1)

= ZN Vg (w, R, (2.14)

where N(It;) is the number of bubbles with a radius £;.
The total energy loss or attenmation for an acoustical beam traveling through a screen of
bubbles is called the extinction coefficient, p.{w), and is given bhy®:

fre (W) = pig (W) + pis (w) (2.15)

where p,(w) s the absorption cocfficient. Using the expression for the absorption cocfficient
derived by Coackly and Nyborg'?

ot (W, R;) ;
\ N (R ) [ Sy 2.16
'”( ZI w . ) (de (UJ,B,‘) ( ))

the extinction coeflicient, is given by

e ZN (w, R)M (2.17)

Scattering-to-attenuation ratio

The attenuation of the acoustical heam traveling through a screen of hubbles can cause shadow-
ing of underlying biological structures and is currently not considercd to he a useful parameter.
An effective contrast agent, thevefore, is defined by good scattering properties and low attenua-
tion. In their work on standardization of ultrascund conirast agents, Bouakaz et al.'® suggested
using, iu addition to the hackscatter coefficient, the scallering-to-attennation ratio (ST AR),

as an improved measure for the effectiveness of the contrast agent. The ST AR is defined as:

STAR (w) = ;: Ez; (2.18)

Substituting equation {2.15) into equation (2.18) gives:

, ps (W)
STAR(W) = 20 (2.19)

where g, (w) represents that part of the energy that is scattered away omnidirectionally by the
bubbles. On the other hand, j,{w) represents that part of the energy that is dissipated by
the hubbles. Therefore, the lower the absorption of the incoming plane wave, the higher the
STAR. A maximum vafue of STAR = 1 is abtained when there is no absorption.
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2.4 Simulations

Equation (2.9) was solved by using the fourth-order Runga-Kuiia method implemented nsing
Matlab® Simulink® {The Mathworks I[nc., Natick, USA) running on a personal computer.
A fixed step-size was used to simplify fast Fourler transformations (FFT), which is related
to the [requency of the applied acousiic wave. A sinusoidal wave was chosen and tapered
taking a cosine window for the first five periods to guickly reach a steady-stale condition. In
this study, an acoustic pressure of 25 kPa was used to caleulate the linear response, and an
acoustic pressure of 100 kPa was used to calculate the nonlinear response. The initial values
al { = 0 were B = R, and 2 = 0. FFT was appiied on the bubble wall velocity after steady
state had been reached. The remainder of the physical constants ased were the liquid density,
p = 998 kg/m? and the tiquid viscosity, n = 0.007 Pas. All material properties were determined
by their initial conditions and were considered to be constant during bubble oscillation, the
lumped constant approach.

2.5 Measurements

Experimental setup

de Jong and Hoff'! described the measurement set-up that was used for the experiments.
Three broadband (100% of the central {requency at the —~20-dB level) single-element. (rans-
ducers, with conter frequencies of 2, 5 and 10 Mz (Panametrics, Waitham, USA) were used
and covered a total frequency band ranging from 1-12 MHz. They were all focused al 75 mm
and had apertuves of 25, 18 and 12 mun, vespectively. The transducers were mounted in a
waterbatl: as illustrated in figure 2.3, Short, single-cycle, pulses were generated and received
by a pulser/receiver (5052 PR, Panametries). The received signals couid be amplified from
—40 dB to +40 dB. The amplified signals were low-pass [iltered to minimize noise and avoid

l puls / recetver l—”, oscilloscope

S MHz

onlainer
e T

I compuler |

| synchrorization

10 MHz

Figure 2.3 Schematic setup for aeoustic scafter and atfenualion mensurements.
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aliasing, and were digitized by a LeCroy 9400A (LeCroy, Chestaue Ridge, USA} digital oscillo-
scope (L00 MHz, 8 bits). A pulse generator (PM 6712 Philips, Stockliolm, Sweden) was used
for synchronization. The signals were recorded over a time window of 10 ps, with a sampling
frequency ol 50 MHz, and transferred to a personal computer for [urther analysis.

The hubble container was made of PMMA (Perspex). The distance from the front to the
back wall of the coutainer was 60 mm. The lront had an angle of 15° with the acoustical
axis of the transducers, to minimize multiple refleciions. At the level of the aconstical axis,
an acoustical window with a diameter of 40 mm was made of 30-pum-thiclk TPX® foil {Mitsui
Petrochemical Industries, ., Tokyo, Japan). The back wall of the conlainer was used as a
flat plate reflector [or reference measurements.

Procedure

The response of the back wall of the container, illed with pure Isoton® I (Iscton® is a particle
free phosplate huffered saline with an added dispergent; Coulter Electronics), placed at the
focal distance of the transducers, was measured and used as the reference measurement L. p(w).
Then the contrast agent was added into the container, and the response of the back wall
was measured again, Lyen{w). The velaiionship between the measured and the calculated
attennation is given hy®;

-lm‘teu (\’_u‘) :
S = exp (=gt (w) di), (2.20)
L'E’f (u))

where d; is the distance traveled through the hubble container.

‘Lo determiine the scattering, first the container wag repositioned with the front of the con-
talner at a distance of approximately 70 mim from the transducers, Then the ingensity ol the
acoustic field scattered by the bubbles, Focprer(w), was measured. This measurement was nor-
malized hy the veference measarement and corrected for the perspex reflector. The relationship
between the mensured and the caleuiated scatiering is given by'':

Ismtfer @ }622

- — = (u)) s, (2.21)
Liep () D2 ’
where
dy = the window length
z = the distance from the scattering volume to the transducer
D = the diamcter of the transducer.

Equation {2.21) inclndes the correction for the limited aperture of the transducer and is ouly
valid for cwved transducers, placing the scattering volume in the focus where the lar-field
condition is valid. The scattered acoustic field is attenuated by the scatterers themselves ag it
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travels through the suspension. The scattered signal Af{w) can be corrected for this attenuation

Lyt
{w )iy
Aeorr (W) = A () 1070 (2.22)
where
Avorr(w) = the corrected scatiered signal
ofw) = the attenuation at angular [requenecy w (in dB/em).

Every mcasurement consisted of 62 traces to obtain a reliable measurement ol (he scattering
of all bhubbic sizes present in the distribution. After FFT, the average power spectra were
calcuiated and smoothed using a moving window with a width of 200 kHz to remove radio
frequency {RF) noise. Before each measurement, the hubble suspension was stivred gently.
The repetition rate was set to 1 Hz to ensure that the mixture changed cnough to achieve
independent scatier spectra [rom the recorded time traces.

Values for the effective bulk madulus, K.y, and the friction parameter of the bubble ma-
terial, Sy {equation (2.9)), were calculated by fisting the theoretically calculated extinction
coefficient to the measured extinction coefficient by minimizing the absolute difference.

2.6 Results

The scatter and attenuation propecties of Quantison™ ) Myomap™and Albunex® wore mea-
sured as described in the measurement section and calculated according to the model described
in the theory section. The figures show the measured results and the theoretical results, ox-
pressed in dB/em.

Scattering and attenuation of Quantison™

Figures 2.4A and 2413 show the measured transmission (= 1-attenuation) and scattering
properties of a 1:250 dilution of resuspended Quantison™, which corresponds to 6.6x10% mi-
crobubbles per ml. The agrcement at overlapping frequencies for the different transducers
conlivms the independence of the measurements on the iransducer characteristics. A minimum
in transiission at 4 MHz of —3 dB/cm can be clearly appreciated and indicates the resonance
frequency. At lower frequencies, a Rayleigh response can be ohserved, and above 4 MHz the
iransmission increases with [reguency, which is opposite to the helhavior of normnal biological
tissue. Note that the resonance [requency for air hubbles with the same size distribution would
be lower than 4 MHz, The resonance lrequency for encapsulated gas bubbles is higher due
to the presence of the shell. The scattering of the same dilution 15 depicted in fighire 2.4B
and shows that the scattering is independent of the requency above 4 MHyz, with a value of
—30 di3/em. For lower [requencies, the scattering increases with frequency, also according to
the Rayleigh theory.
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After performing the acoustic measurements, the theoretical transmission cwrve (dotted line
in figure 2.4A) was calculated by using the measured size distribution of the same Quantison ™
batch (fpure 2.1). Minimizing the absolute difference hetween the measured and theoretical
spectra resulted in values of Kopp = 17.4 MP’a and Sp = 3.0 Pa-s. These parameters were then
usedl, together with the size distribution, to caleulate the scattering (dotted line in figre 2.4B).

Figures 2.4C-D and 2. 4E-F show the results [or a fltered Quantison™ dilution of 1:150
(11510% microbubbles per ml) with Nuclepore™ (Coster Corp., Cambridge, MA, USA) me-
chanical filters with pore sizes of 5 and 3 pn, respectively. Thus, the influence of different parts
of the size distribution on the scaller and attenmation characteristics was determined. For the
S-pm fillered dilution, a less dominant minimum i transmission can still be appreciated at
a frequency of 5 MHz., For the 3-jun filtered dilution, the transmission was practically flat.
This indicates that the main contribution to attenuation is due to bubbles larger then 3 pam
in diameter. The results for the scattering show that there is a decrcase in scattering level as
a lunclion of bubble diameter. Also, there is an increase in frequency, from 4-6 MHz, above
which ihe scattering is independent of the frequency. For hoth dilutious,; the corresponding size
distributions were meastived with the Conlter Counter® {Coulter Blectronics) Multisizer 11 and
used to calculate the theorctical transmission and scattering curves. In both caleulations, the
samne values for the effective bulk modulus and friction parameter were used as determined in
figures 2,4A and 2.4B. This means that these parameters are independent, of the bubble diame-
ter and results from the fact that the shell thickness is proportional to the hubble diameter, In
all experiments, the difference between (he measured and caleulated scattering was less than
3 dB/em. For the 3-pon filtered dilution, it was difficult to measure the scattering helow
5 MHz. Because of the low concentration of hubbles after filtering, the scattered signal hardly

exceeded the noisc level,
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Figure 2.5 Trensmission (A) and scattering (B) vs. frequency for Myomaep™ . —— = measured spectrum,

————— = ealenloted spectrum wsing size distribution shown in figure 2.6. K ;p = 78.4 MPo and S5p = 5.1 Pas,
G IE)
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Scattering and attenuation of Myomap™

Figurcs 2.5A and 2.5B show the mcasured and caleulated results for a Myomap™ dilution of
1:150 (1% 10" microbubbles per ml). This agent, which also consists of air bubbles encapsulated
by a shell of human albumin such as Quantison™, has a mean size of 10 gm (figure 2.6). The
calculated values for the effective bulk modulus and friction paramecter are K.;p = 78,4 MPa
and S = 5.1 Pas. The large bulk modulus of Myomap™ is a result of a higher stiffness
compared to (Juantison™. This is caused by the shell, which is more than three times thicker
than the Quantison™ shell. This also explains why, although the bubbles are larger than the
{Juantison™ bubbles, i.e., expecting a lower resonance frequency, the resonance [requency is
higher instead.

@ < =
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Figure 2.6  Normalized size distribulion of Myomap™ with diameters ronging from 1.46 to 23.5 jem. Meosured

with the Couller Counter® Multisizer IT uth an apevivre of 70 pm employing 256 channels.

Scattering and attenuation of Albunex®

Figures 2.7A and 2.78 show the results for Albunex®. The size distribution and results of
previously published measurements!! of filtered Albunex® with a 12-pum pore size mechanical
filter wore used [or 1he calculation of the effective bulk modulus aud friction parameter. The
calculated values ave K5 = 1.3 MPa and Sp = 0.1 Pa-s. Also the measurements for Albunex®
filtered with 8-, 5- and 3-pam mechanical filters'’ were used, and the values for Ky and Sp ave:
2.0 MPa and 0.1 Pa-s, 6.2 MDa and 0.11 Pa-s and 9.8 MPa and 0.11 Pa-s, respectively. In this
case, the effective bulk modulus and friction parameter are dependent on the hubble diameter.
This confirms data reported by IToff'® and is explained by the fact that the thickuess of the
Albunex® shell is independent of the diameter, and thervefore the stiffucss increases for smaller
bubbles.
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Figure 2.7 Transmission {4) and scattering (B) vs. frequency for Allines®. —— = mensured spectrum,
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STAR of Quantison™and Myomap™

Using equation (2.18), the STAR was calculated for Quantison™ and Myomap'™. The con-
centrations of the agents was different, nevertheless, lor low concentrations and low acoustic
pressures, the ST AR is independent of the concentiralion. Figure 2.8 depicts a har graph ol the
STAR at five different frequencies. For Quantison™, the ST AR is low due to a high stillness
and friction parameter of the shell and jncreases as a [unclion of Frequency. For frequencies
between 1 and 10 Mz, which are used for medical diagnesis, the STAR is around 0.1%,
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Figure 2.8 The seallering-to-ollenwation ratio (STAR) for Quantison™ and Myomap™ of frequencies of 1,

8.5, 5 1.5 and 10 MHz. The vorichilily is around 1% of the values (not shown).
i
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meaning that the absorption is 1000 times larger than the scattering. For Myomap™, the
STAR is Ligher in spite of a higher stiflness. However, the bubbles are larger and the friction
parameter is almost similar to the friction parameter of Quantison™!, giving a higher scattering
and lower absorption compared to Quantison™. The value of the ST AR is around 2-3% at
5 MHz, meaning that the absorption is 50 timzes lavger than the scattering.

Nonlinear behavior of Quantison™

One of the special characteristics of gas bubbles is that the hubbles start to oscillate non-linearly
when the applied acoustic pressure is inereased ™. However, the nonlinear respouse of encap-
sulated bubbles is mueh smaller. Figure 2.9 shows the result of equation (2.9) for an applied
acoustic pressure of 100 kPa, by using n = 1 and n = 2 in equation (2.13), 4.e., calculaling
the findamental (fignre 2.9A) and second-harmonic responses {figure 2.9B) of Quantison™,
A 60-dDB difference can be observed between the fundamental and seccond-harmonic response,
awd it is obvious from this result that Quantisen™ shows negligible second-harmonic response
at this acoustic pressure. The lack of harmonic response was confirmed experimentally for
applied acoustic pressures up to 100 kPa. No harmonic components above Lhe noise level
{—55 dB/em) could be measured,
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Figure 2.9 Coleuloled scalleving spectra of Quantison®™ using the size distribution shown in figure 2.1, Bulk
modulus K.pp = 17.4 MPu and friction pavameter Sp 5.0 Po-s. (A} Pendamentol vesponse (n = 1 in cquation

(8.13}); (B} Second-harmonic response fn = 2 in equotion (2.13}) of sn acouslic pressuve of 100 EPa.

2.7 Discussion and conclusions

Tn this chapter, the idea introdiced by Hoffi'™® to treat the shell of an encapsulated gas bubble
as a viscoclastic solid was expanded Lo a Rayleigh-Plesset-like cquation. The effective bulk
modulus and friction parameter, describing the elasticity and viscosity of the shell, were found
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by fitling the caleulated transmission spectrum to the measured transmission spectium. These
paramelers were subsequently used to calculate the seattering. With the samce model, the
transmission and scatiering of the ultrasound contrast agents Quantison™ Myomap™ and
Albunex® were calculated. For all the results, the difference between measured and caleuiated
scattering was less than 3 dB/em.

The effective buik medulus of Quantison™ (17.4 MPa) is 124 times the hull modulus of
air, which is 0.14 MPa at adiabatic conditions and an ambient pressure of 1 atm. However
compared to water (2250 MPa), this is only 0.7%. For Albunex®, the effective bulk modulus
(1.3 MDa) is nine times the bulk modulus of air. This demonsirates the dominani character of
the shell, even for an encapsulated gas hubble with a very thin sheil'2,

TFor Quantison™, the shell thickness is proportional to the bubble diameter, meaning that
the stiffness and, therefore, the effective bulk modulus, are independent, of the hubble diameter.
For Allmnex®, however, the shell thickness is independent of the hubble diameter®, 1.e., the
stiffness inereases for smaller bubbles. This means that the effective bulk modulus is depending
on the bubble diameter and increases with decreasing bubble diameter. The dependence of the
effective bulk modulus of Albunex® on the bubble diameter also is reported by Holl*2.

With previcus models™ 12 it iy not possible to caleulate the transmission and scattering
of Quantison™ and Myomap™. Both models were specifically developed for Albunex®, e,
encapsuiated gas bubbles with a relatively thin shell. The thin-shell assumption is not valid for
agents where the shell comprises a considerable part of the bubble volume {e.p. Quantison™
and Myomap™ ). The fact that the transmission and scattering of Albunex® can be calculated
with the present model, indicates that this model may be used for agents with a thick or thin
shedl,

The assumptions made to neglect vapor pressure and surface tension should be reconsidered
[or modeling other agents. Different methods for stabilizing the gas can have an effect on these
assumptions. Also, a substantial net flow of heat into the liquid may oceur in these situations.
This means that the process should be considered polytropic instead of adiabatic. For [ree
gas bubbles, however, the model described in this chapter no longer holds and the standard
Rayleigh-Plesset equation shiould be used.

The ST AR can be used to describe the acoustic elliciency of ultrasound contrast agents.
The STAR of Quantison™ and Myomap™ was caleulated and ranges from 0.1%—5% for
frequencies between 1 and 10 MHz. The STAR for Albunex® ranges from 2% to 18%!® in
the same frequency range. This means that Albunex® shows a higher acoustical efficiency
than Quantison™ . However, these values arve only valid for low acoustic pressures. At high
aconstic pressures, nonlinear transiont effects appear. Tt has been reported that for acoustic
pressure higher than 200 kPa, the measured scattering coefficient of Quantison™ abruptly
increases?®?!, The increase is transient and reachoes a level of 20 dB for an acoustic pressure of
1.8 MPa, and can not be predicted by the theoretical model deseribed in this chapler (figure
2.10). Measurement and calculation agree for applied pressures less than 200 kP’a. For applied
pressures above 200 kPa the measurement and calculation deviate.

In figure 2.9, it is shown that Quantison™ shows hardly any second-harmonic response
at an acoustic pressure ol 100 kPa. Even {or acoustic pressures up to 2 MPa, the model
described in this chapter predicts a second-harmonic response that still does not exceed the
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noise level of =55 dB/em. However, it has been reported®? that, above an acoustic pressure of
200 kPa, the specirum ol the measured scattering signal broadens up and conlains hannonics
with amplitudes comparable to the amplitude of the [undamental frequency.

We have developed a theoretical model that predicts accuralely the linear and nonlinear
response of encapsulated gas hubbles. However, the model does not predict the abrupt increase
in scattering at applied acoustic pressures above 200 kPa {figure 2.10). An explanation is
that, at these high acoustic pressures, [ree-air bubbles are released from the Quantison™

nierospheres. This phenomenoen is described in detall in the next chapter.
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CHAPTER 3

Scattering properties of encapsulated
gas bubbles at high ultrasound
pressures

Abstract

FEncapsulated types of contrast agents possess o specifie aeoustic signelure. When the applied
acoustic pressure crceeds o threshold, the scattering level increases alvuptly for a short time.
A “dualistic™ chavacter of the encapsulated gas bubbles expluins this signature for Quantison™
{uwir bubbles encapsulated by o shell of humean ellwmin). For ecoustic pressures below the thresh-
old, the bubbles ect as encapsuloted gos bubbles and are stable linear or nonlinear scafterers,
depending on the epplied acoustic pressure.  For acoustic pressures abouve the threshold, the
bubbles ruplure and rvelease the contained gos, subsequently acting as « free gas bubbles. The
effect 1s lransiont and lusts until the released free gos bubbles are dissolved in the surrounding
ligusd. This explanction was investigated experimentally and evaluated by theorelical maodels,
A 18- 20-d13 inerease in scattering, the appearance of ligher harmonies, and a finite duration of
the effect was measured and agreed with corresponding theory, Thercfore, ultrosound in combi-
nadion with this “dualistic” chavacter suggests that encapsulaled gus bubbles cap be construed as
a robust vehicle for localized delivery of free gus bubbles, the wltimate ullresound contrast agent.

Baged on the publication: “Scattering properties of encapsulated gas bubbles at high ulirasound pressures”
by Peter JA. Frinking, Nico de Jong and E. Ignacio Céspedes. Jowuwrnol of the Avoustical Society of Americn,
wvol. 105, no. 3, pp. 523-553, 1994.
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3.1 Introduction

The most important purpose of ultrasound contrast agents, up till a lew years ago, was to
enhance the acoustic signal [rom blood-filled regions. This allows better characterization of
perfusion and blood flow for B-mode images and for Doppler modes. Nowadays, new imaging

B

JUAHTIS GHsPHAHTOM KRN 13202 19duns%e  TROECMITA
CEHTER ROTTERDAM  F3-2.20mm ACaaltien A 1

|Sdn3E  Ta0d Mi0d

contrast

contrast

| phantom

Figure 3.1 B-mode images of Quantison™ and a lissue-mimicking phantom made of 1% egar and 0.5%
Carborundum (5iC) scatterers (particle sizes ranging from 5 8 ppm). (A) MI=0.3. (B) MI=1.1.

techuicques are being explored that take advantage of the nonlinear acoustic property of the
bubbles, like second-harmonic imaging?. With these techniques, the discrimination between
contrast and surrounding tissue can be improved. This becomes quite apparent for increased
acoustic pressures and small bubbles®. However, due to the presence of a shell, the scatter
efficiency and nonlinear response of encapsulated gas bubbles are much lower than for [ree gas
bubbles'™® (chapter 2). The shell serves as a stabilizing goal, since the life span of free gas
bubbles, the ultimate ultrasound contrast agent, is limited.

1 o e Heohal

Figure 3.2 Loss-off-correlation  imaging  of
Levovisi®in the liver. The mosaic color pattern is
caused by random Doppler shifts due to agenl rupture.
Note the absence of the mosaic pattern in the small
lesion (courtesy: D.0. Cosgrove, Huammersmith
Hospital, London, UK).




3.2, THEORY 35

Nevertheless, encapsulated types ol contrast agents {e.g. Sonovist®, Schering AG, Berlin,
Gormany and Quantison™, Quadrant Lid., Notiingham, UK) possess a specific acoustic sig-
nature”®. When the applicd aconstic pressure exceeds a specific threshold, the scattering level
increases abruptly for a short time. Tu conventional B-inode imaging, this transiently enhanced
scattering is visualized as an increased echogenicigy (figure 3.1) and in Color Doppler imaging
as a colored mosaic map that is detectable even without flow (figure 3.2). Furthermore, the
scattered signal becomes highly nonlinear and is very well suited for second-harmonic imaging.
This particular signature has been addressed by several names, wiz., acoustically stimulated
acoustic emission”, power enhanced scallering®, flash eche imaging®, scintiliation sonography ',
cte. The effect, however, is (ransienl, and most elleclive when the ultrasound wave hits the
bubbles for the first time. This has led to the development of intermittent imaging!! as a
new imaging modalily, where siugle scans are made at regular time intervals {e.g. 0.2 1 Hy),
resulting in an increased efficacy of the agent. Despite the variety of given names, it secins
that the acoustic signatwre obscrved for different contrast agents is comparable and gencrally
associated with hubble rupture and enhanced scattering.

Takenehil® veported similar effects observed with thermoplastic (poly-vinylidenchloride-
acrylnitoryl) micro bailoons as a mimicking contrast agent. Bright cchoes, harmonic response
and spectral broadening as observed with normal contrast agents are described. The ellecis are
explained by shell breakage, [ollowed by release of the encapsulated gas, and last [or 1-5 ms,
equivalent to the dissolution time of the gas in the swrounding liguid.

In this chapter, the phenomenon observed for Quantison™ is explained by a “dualistic”
character of the encapsulated gas bubbles, which is related to the applied acoustic pressure.
For low acoustic pressures, below a threshold, the bubbles act as encapsulated gas bubbles
and are stable lincar or nonlinear scatterers, depending on the appiied acoustic pressure. Fov
acousiic pressures above the threshold, the bubbles rupture and release the contained pas,
subsequently acting as a free gas bubbles. The irveversible ellect is transient and lasts until the
releascd free gas bubbles are dissolved in the surrounding liguid. This explanation is supported
by three experiments and corresponding theoretical models. First, the enhancement of the
seattering is measured and simulated using a [ree gas bubble model. Sccond, the appearance of
higher harmonics are measured and sinulated according (o the same nodel, since it has heen
shown that for free gas bubbles the nonlinear response is superior compared to encapsulated gas
bubbles™®. Finally, the finite duration af the elfect is measured and related to the theorelical
porsistence of the penerated free gas bubbles. This is demonstrated by comparing the measured
culated values.

disappearance time of the gas bhubbles to ¢

3.2 Theory

Enhanced scattering

The Rayleigh-Plesset (RPNNDP) equation is used as a [ree gas bubble wodel. The hubble is
considered to be spherically symmetric and surrounded by a liguid of infinite extent, with a
constant viscosity. The bubble veluine is defined by a single variable, the rading, and the motion
is assurmned to be spherically symmcefric. The wavelengtl: of the ultrasound field is assumed to be
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much larger than the bhubble diameter, and enly the motion of the bubble surface is of intorest.
It is assumed that the vapor pressure remains constant during the compression and expansion
phase, and that there is no rectified diffusion during the short period of exposure to ultrasound.
The gas in the bubble is assumed to be ideal and compressed and expanded according Lo the
ideal gas law with the polviropic exponent {' remaining constant during vibration. The [inal
expression [or the RPNNP equation is given hy®:

a1 .
pRE + EpFi") = Pyo (&) + Py —Po— o BiowplR it — P(1), (3.1
2 R R
wlhere
R = instantancous bubble radius
R = firsi. lime derivative of the radius
B = second time derivative of the radius
P = densily of the surrounding medium
R, = initial bubble radius
Ngo  — iuitial gas pressure in the bubble
r = polytropic exponent of the gas
Dy = vapor pressure
Do = ambicnt pressure
o) == gurface tension
S = total damping coefficient
w = angular frequency of the applied acoustic field
P{t) = time-varying applied acoustic pressure
t = time.

The initial gas pressure inside the bubble, py,, is given by:

20
Pgo = &+ Po — Pu, (3.2)
R,
awd the expression for the total damping cocfficient is given Ly
6&:? = fsrmi + Opis + ‘-'Sth; (33)
where
b.0¢ = damping coefficient due to reradiation
Gus = damping coefficient due to viscosity of the surrounding medivn
dy, = damping coeflicient due o heat conduction.

Expressions for the damping cocfficients and for the polytropic exponent are given hy Medwin!2.
After solving equation {3.1) numerically, the scattering cross-section, defined as the scattered
power by the bubble divided by the incident acoustic intengity, can be caleulated as described
in chapter 2 equation (2.13).
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Nonlinear response

In addition to the increase in scattered power al the fundamental frequency, the scattered
power at higher harmonic components of the fundamental requency increases as well for free
gas bubbles compared to encapsulaied gas bubblies™®. Free gas bubbies oscillate non-linearly
when the applied acoustic pressure is increased, an effect (hat hecomes extremcly apparent
for bubbles smaller chan 10 jezn i diameter?, For example, for an applied acoustic pressure of
50 kPa, a 3-pm diameter free-air bubble, insonified at 1-MTHz, shiows harmonic components that
can exceed the scattering level at the fundamental frequency. This strong harmonic behavior
is predicted Dy equation (3.1). For encapsulated gas bubbles, the effect is subdued as o resull
of the extra damping introduced by the shell. For Quantison™ | it has heen shown that for
an acoustic pressure of 100 kIPa, the second-harnonic response is more than 60 dB helow the
fundamental vesponse (chapler 2, fipure 2.9).

Disappearance fime

Small free gas bubbles tend to disappear quickly in a liquid, c.g. air hubbles of 2 gm in dismneter
persist for only a few milliseconds in a saturated liquid under normal conditions'™. With the
omission of translatory hubble moetion, the change in equilibrium radiug over time is given by:

R _pp (&t (i+1 ) (3.4)
dr L+ - R aDi)' ”

where

R = bubble radius

/ = time

D = diffusion coefficient

L = Ostwald cocfficient

((—o’ = ratio of the dissolved gas concentration to the saturation concentration

a = swrface tension

Py = ambicnl pressure.

The surlace tension (first bracketed terin in equation (3.4} is the mechanism responsible
for the disappearance of a gas babble in a gas-saturated liguid. The second bracketed term
resembles the pepelration depth that denotes how [ar the gas diffuses into the lignid. The
diffusion constant is a property of the gas and the smrounding liquid. The Ostwald coefficient
is the ratio of the amonnt of gas per unit volume dissolved in the surrounding liguid and in the
gas phase'®. The diffusion coelficient and the Ostwald coellicient determine the vate of decrease
ol the bubble radius, which is a direct measure for the disappearance rate of the hubble. Thus,
wicrebubbles filled with gases having smaller diffusion and Ostwald coefficients will persist
longer.
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3.3 Experimental setup and procedure

For all the experiinents, the contrast agent Quantisen™ was used. The acoustic character-
istics, like scattoring and attenuation, at moderate acoustic pressures, has been descrihed in
chapter 2.

Enhanced scattering

The ecxperimental setup is iliustrated in fgure 3.3, A 0.5+ or 1-MHz single element transducer
{(Panametrics, Waltham, USA) focused at 75 nu, with an aperture of 37 mim, was mountead
izt a water tank. These transducers were used to transmit a high-amplitude altrasound burst
(acoustic pressure of 1.6 MPa). The peak negative acoustic pressurcs were measured with
a calibrated hydrophone (PVDFZ44-0400, Specialty Engineering Associates, Soquel, USA).
A sine wave burst, 10 cycles, was generated by a Wavetek signal generator {Wavetek [, model
144, Wavetek, San Dicgo, USA) and amplified by a 603 lLinear power amplifier (A-500, ENI,
Rochester, USA). The amplitude was adjusted by a separate variable attenuator (355C/D, 1P,
Palo Alio, USA). Two breadhand (100% of the central frequency at the —20-dB level) single
element transducers, with center frequencies ol 2 and 5 Mz {(Panametrics) were mounted per-
pendicularly to the first transducer. The two transducers cover a combined [requency hand [rom
1 to 7.5 MHz. They are both focused at 75 nun and have apertures of 25 and 18 mm, respec-
tively. Short, single-cycle, low-amplitude pulses {acoustic pressure of 100 kPa) were generated,
0.6 ms after the high-amplitude nwst, and received by a pulser/receiver (5052 PR, Panamet-
ries). The received signals could be amplified from —40 dB to +40 dB by the pulser/receiver.
The amplificd signals were low-pass filtered to minimize noise and avoid aliasing, and were dig-
itized by a LeCroy 9400A (LeCroy, Chestnut Ridge, NY, USA) digital oscilloscope (100 MHz,
8 bits). The signals were recorded over a time window of 10 ps, were sampled at 50 MHy, and
transferred to a personal computer for further analysis. Two pulse generators (pulser T and
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Figure 3.3  Schematic setup for measuring the enhanced scattering.
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1, PM 5712, Philips, Stockholm, Sweden) and a Wavetek signal generator {Wavetek 11, model
144, Wavetek,} were used for synchronization. The triggering sequences are shown in figure
34A.

trig I !

trig 11

trig 112

Y

A

(.6 ms

g1 e |

trig [1

¥ o

-

trig 111

0.6 ms

C

trig | —l ce |____,

trig [1 7

trig 1T P¢
0.6 ms

A
Y

Figure 3.4 Schemalic vepresentation of the lriggering sequences used. (A) The enhanced scaliering was
measured 0.0 ms after transmission of the high wcouslic amplitede bursl. (B} The same as (A), only the
y of Wanelek II to

we amplitiede burst,

duration of the low aeoustic amplitude burst wos set fo 10 ps. (C) By changing the frequ
1.6 kHz, the enhonced scallering could be measured with o PRI of 0.0 ms after the high eeou,
Lo monator the disappearonce of the bubbles. Note that the high-omplitude buvst was fransovitbed anmedictely

after the sevond low-emplitude pulse.
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The experiments were conducted at room temperature. The water tank wag filled with
Isoton® I (Coulter Electronics, Lutton, UI{), which was left standing overnight and therefore
was air saturated. The response of a steel Hat-plate veflector, placed at the focal distance of
the 2 and 5 MHz transducer, was measured and wsed as a reference measurement. After thad,
the contrast agent was added and the response of the steel flat-plate reflector was measured
again, to determine the additional attenuation caused by the confrast agent. The intensity
ol the scattered aconstic fickl with and without the high amplitude burst was measured and
the scattering cross-section was determined, taking into account the reflection properties of
the steel flat-plate reflector, the transducer characteristics, and the attenuation of the contrast
agent itself {chapter 2). The scattering cross-section was caleulated by averaging 62 indepon-
dent measurements. After fast Fourier transformation {FFT), the average power spectra were
calculated and smoothed using a moving window with a width of 200 kHz to remove radio fre-
guency (RE) noise, During the measurement, the bubble suspension swas continuounsly stirred
by a magnetic stirrer.

Nonlinear response

Figure 3.5 shows the setup used for measuring the nonlinear response with and without the
high-amplitude burst {acoustic pressure of 1.6 MPa). The hurst was generated as described
in the previons section with the 0.5 MHz transducer. A narrow-band sine wave (1 MHz;
10 cycles) was generated by a Wavetek sigual generator (Wavetek IT, model 144, Wavetek) and
amplified (acoustic pressure of 100 kPa) by a linear power amplilicr (ARS 05-40-40, Orsay,
France). This signal was divected to a 1-MITz siugle-clement, broadband transducer (100% of
the central lrequency at the —20-dB level), with an aperture of 37 min, that was mounied in

l Wavetek | ,—)! attenuator ’—)’l ENJ I—)
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Icige FII
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¥
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i
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Figure 3.5 Schemaotic setup for measuring the nonlinear rvesponse.
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line with the 0.5-MHz transducer. The response of the 1-MHz signal was received by a 10-MHz
single-element, broadband transducer ([lat response within 3 dB between 1 and 10 MHz} that
was mounted perpendicular to the 0.5- and 1-MHz transducers. The average scattered power
wag calculated aver the FFT of 10 time traces as received with the 10-MHz transducer at a
repetition rate of 1 1z Pulsers [, I and ITI (PM 5712 and PM 5716, Philips) were used for
synclhironization. The triggering sequences are shown in figure 3.4B {pulse 11T was set to 10 ps).

Disappearance time

The disappearance time was measured using the setup shown in figure 3.3A. Only the 5 Milz
transcducer was used in pulse/echo mode. The freguency of Wavetek [1 was set to 1.6 kHz.
Thus, a sequence of low-amplitude puises (acoustic pressure of 100 kPa) was generated with
a pulse-repetition interval (PRI} of 0.6 ms, so as to measure the evolution of the penerated
free gas bubbles over time. The high amplitude st (acoustic pressure of 1.6 MPa; 0.5 Miz;
16 cycles) was transmitted immediately after the sceond low-amplitude pulse. The triggering
sequences are shown in figure 3.4C. Again, the Tsoton® was air saturated.

3.4 HResults and discussion

Enhanced scattering

Figure 3.6A (solid lines) shows the scattered spectrum of a Quantison™ dilution of 1:4500,
which corresponds to 3.3x 10% microspheres per mi, when the high-amplitude burst was turned
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ofl. This is the typical scattering vesponse of Quantison™ at low acoustic pressure, and is
described in detail in chapter 2. The scattering increases as a function of frequency below
4 MHz, and is independent of [requency above 4 MITz with a maximum value of —43 dB3/cn.
Figures 3.6 and 3.6C ({solid lines) show the enhanced scattering, measured at the same re-
gion, 0.6 ms after this vegion was insonified by the high-amplitude burst {at 0.5- and 1-MHz,
respectively). An increase in scattering of 10 to 20 dB/om can he ohserved, compared to figure
3.6A. Additionally, in figure 3.6B a maximum at 3 MHz, the resonance frequency, which is
characteristic for free gas bubbles; can clearly be appreciated. Tu figure 3.6C, this maximmum
is shifted and broadened. A possible explanation of this effect is that the I-MHz transducer
generated smaller gas bubbles than the 0.5-MHz transducer. For smaller gas bubbles the reso-
nance frequency increases. Additionally, the damping increases, resulting in a broadening and
decrease of the resonance peak.

The dotted line in figure 3.6A shows the scattering of Quantison™ according to the the-
orctical model (chapter 2). The size distribution of Quantison™, shown in figure 3.74A, as
measured with a Coulter Connter™ Multigizer 11 (Coulter Electronics) was used in the modcl
The dotted Iines in figures 3.6B and 3.6C represent the theorciical spectra of the enhanced scat-
tering induced by the 0.5- and 1-MHz transducers, respectively, and were caleudated by means
of eguation (3.1). Note that in this case the size distribution of the generated gas hubbles is not
known « prievi. Hence, & normal distribution was assumed. The mean and standard deviation
ol the distributions were estizated by minimizing the absolute difference between measured
and simulated spectra. This resuited in a mean and standard deviation of 2.060 = 0.48 um, for
the 0.5-MHz transducer (figure 3.713} and 1.20 £ 0.46 pm, for the 1-MHz transducer (figure
3.7C). It can be appreciated that with this simple approach, a reasonable agreement between
measurements and theory was obtained and, from figure 3.7, that different sizes of free gas
bubbles were generated for different frequencies of the high-amplitude burst {smaller bhubbles
for Ligher frequencies). Possible explanations are that lor diflerent frequencies the gas hubbles
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in figure 3.6C.
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originate from different parls of the Quantison™™ distribution, that different gas hubbles are
generated from e Quantison™ bubbles within the same range of the size distribution or that
the gas bubbles split into smaller hubbles after release,

Finally, from the theoretical vesults it can be concluded that the total number of free gas
bubbles is ahout 1% of the total number of the Quantisen™ hubbles present in the suspension
(notice the diflevent scales of figures 3.7A, 3.7B and 3.7C), This means that enly a very small
amonnt ol Quantison™ hubbles wore actively Involved in releasing five gas bubbles.

Nonlinear response

Figure 3.8A shows the scattered power spectra received by the 10-MHz transducer. The mea-
sirements were corvected for the finite aperture?, the charactevistics ol the 10-MHz transducer
andd the elecironics. The dotted line represents the spectrum of Quantison™ bubbles (dilution
of 1:4500) msonified Ly the 1-MHz burst without the high-amplitude bursé. The spectriun
shows no response at higher harmonics of the tundamental frequency. The solid line represents
the spectrim measured 0.6 ms after the Quantison™ hubbles were insonified by the high-
amplitude burst. Two phenomena can be obscerved after insonification of the agent with the
high-amplitude burst, »iz., the spectrum shows an increase at the fundamental Lequency of
20 dB and the appearance of higher harmonics of the fundamental [requency. The second har-
monic is less than 6 dB belew the fundamental frequency. Tmaghng modalities that rely on the
nenlinear response of ultrazonnd contrast agents will thevefore resuli in increased sensitivity.
Figure 3.8B shows the theorctical power spectrum of the generated free gas hubbles using
equation (3.1). Since the frequency ol the high-amplitude burst was 0.5 Mz, it was assumed
that the generated gas bubbles had the size distribution shown in figure 3.78. The 1-MHz burst
was recaorded and used as an mput to the model. The magnitude was adjusted to 100 kDa.
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Figure 3.8 (A )Received scattered power of Quanlison™ by o 10-MHz single elemenl transducer (correcied
for bransducer characteristics).  The signol was generoled by a L-MHz transducer (acoustic pressure of 100
EPu; 10 eyeles), withoul the high emplitude burst {———--) and 0.6 ms after the high-emplitude burst (—— ).
(B) Theoreticol power spectrum nsing equation (3.1) and the size distribution of figure 3.7, The acouslic

pressure was 100 EPa ond the actedl transmitted burst wos used as input signal.
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Disappearance time

Fignre 3.9 shows the backseattered signal from the released air hublbles recorded at intervals of
0.6 ms. The decreasing awmplitude is ascribed to the gradual shrinkage and eventual disolution
of the bubbles. The persistence of the air bubbles was measured over time and is shown in
figure 3.9A. This fipure represents a sequential recording of 62 traces covering a lotal acquisition
time of 37 ms. The higl-amplitude burst was transmitted inunediately after the second low-
amplitnde pulse. This can be appreciated from figure 3.9A by the [act that the amplitude
abruptly creases alter twe pulses. The scattering amplitude decreases as a function of timc,
reprosenting the slow diffusion of the veleased gas into the survonnding liquid. This is depicted
in detail by fgure 3.913 at three time points, vz, @, 15 and 30 ms after trassmitting the
Ligh-amplitude burst (see corresponding locations in figure 3.9A). Aftor 30 ms, the increase in
scattering amplitude has completely disappeared.
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Figure 3.8  The release and disappearance of wir bubbles from Quantison’™ . (A) Sequence representation of
pulse echo response from suecessive survey pulses (100 kPa; 5 MHz; 0.6 s interval). Scottering of Quantison™
wp to L2 ms. The high-emplitude burst (1.6 MPo; 0.5 MHz; 10 cycles) wos applied of 1.2 ms. (B) The enhanced
seattering decays over time. Top panel: dmonediately affer tronsmission of the high-amplitude bursi; middle
panel: afler 15 sy boftom panel: after 30 ms, corvesponding to the locations marked in (A) by 1, 2 and 3,

respechively.

Figures 3.10A and 3.10B (solil lines) show the energy as a {unction of time, within cacl
i trace, for the gas bubbles generated by the 0.5- and 1-MHzx transducers, respectively, The
disappearance lime, tg, was estimated from the 95% decay point in these figures, The mean
valye and standard deviation of a set of ten sequence recordings was 28.8 &£ 2.4 ms for the
C.5-MHz transducer, and 16.3 + 2.3 ms for the 1-M{lz transducer, The theoretical disap-
pearance curves were caleulated by using the size distributions of figures 3.7B and 3.7C as
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Figure 3.10 The energy as calculated from the scollering response of the generated free gas bubbles with the
0.5-MHz transducer, (A), end with the T-MHz tronsduce:

 (B). ——= measurem, = theory.

the starting distributions. Every 0.6 ms, the size distributions were recalculated by means of
equation (3.4}, and the scalter spectra were caleulated at the corresponding time poiuls using
equation (3.1). The speclra include the scattering of the Quantison™? bubbles {dilution of
1:4500}. Figures 3.10A and 3.108 {dotied lines) show the encrgy as a [unction of thme as deler-
mined from the calenlated spectra lor the 0.6- and 1-MHz transducer, respectively, The cuergy
was calenlated by integrating the seattering over a lrequency band ranging [rom 2-8 MHz.
Also, the disappearance time was measiived lor gas bubbles generated at diflerent frequencios
of the high-amplitnde burst (at a fixed amplitude of 1.6 MPa and a fixed nunber of ¢yeles).
The results are listed in table 3.1 and show a decrease in disappearance time lor increasing
[requencies. The corvesponding bubble diameters were calenlated by means of cquation (3.4).

Table 3.1 Disappearunce time of genevated free aiv bulbbles from Quanlison™ es o function of frequency i

sotuvated Tsoton® wnder standavd condifions {mean + STD). The sccond raw shows the corvesponding bubble
diimcters a8 colewlated by means of equation (3.4).

| Frequency  [MHy 0.5 1 [ 2 E 5 ‘
[ ty [ms] 28.8 £ ¢ 16.3 + 2.0 116 £22 hl£121

| Diaweter  [um] 2.8 2.3 24) 1.4

Final remarks

As wag slated belore, the effect deseribed in this chapter is transient. In fige 3.11 the change
ol the acoustical properties, viz., trapsmission and scattering are shown. This figure shows the
trausmission and scattering spectra of a dilution of 1:250 of Quantison™. This concentration
was chosen to induce a clear minimum in transmissien of —3 dB/em at 4 MHz. The spectra
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Figure 3.1}  Transmission (A) ond scattering (B) versus freguency for Quanlison™ , Before (—— ) and after

(-} Quoenbigon™ had been put wader on ultresound machine and coposed to high acoustic pressure waves
(MI=={ 1) for 15 min. The difution wos 1:250.

were measared before and alter a continuous insonation for 15-min with a commaercial diag-
nostic scauner at the highest power setling {MT of 1.1 at 2.0 MHz), and are shown in figure
317 by the solid and dotted Tines, respectively. The Quantison™ was continuously stirrecl.
It can be appreciated [vomn figure 3.11A that the minimum of the transmission spectrum at
4 MHz has completely disappeared from within this frequency range, aftor the Quantison™
wias exposed te high power insonification. A minim in transmission as shown in fgure 3.114
i a typical characteristic for free or encapsulated gas bubbles. Tor the scattering, figire 3.118,
the difference is really apparent lor lrequencies below 10 MHz An explanation is that, at these
particular setiings of the ultrasound machine, ouly the larger bubbles were destroved.

The bubbles were not complelely destroyed alier insonification by the high-amplitude hurst.
Figures 3.12A and 3128 are microscopic images of Quantison™ hefore and afier high power
sonification, respectively. Belore exposure, the microsplicres appear to be darker than after
exposure (see arrows in figure 3.1213). This may be an indication that the encapsulated air was
replaced by the suwrrounding liquid. Also, liquid-filled bubbles are less compressilie than gas-
[ifled Lmabbies and, therefore, are ineffective scatteres. Thus. the bubbles became “transparent”,
hotl optically and acoustically. Note, however, that figures 3.124 and 3.128 do not show the
same particles hut are just particles of a sanple hefore, and other particles of the same sample
alter ingonification.

The results in table 3.1 show a decrease in calculated bubble size as & fanction of the
applied frequency of the high-amplitnde burst. This unplies that particalar bubble sizes can
be selectively released. Also, the simulations indicate that only about 1% of all the bubbles
present were tuptured by the high acoustic amplitude bhurst. A possible explanation is that the
shell of some ol the eneapsulated gas Bubbles possess weak spots that are easily raptured. This
means that the release of liree gas hubbles from cucapsulated gas bubbles cau he optimized by
machine settings and available Lubble sizes, and tuned for specific purposes. For example, the
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Figure 3.12  Microscopic photograph of Quantison™ diluted in Isoton® al a magnification of 200x. (A) before
and (B) after Quantison™ was put under an uwllvosound machine and caposed Lo high acoustic pressure waves

Jor L5 minutes. The arrows indicate fluid-filled microspheres.

presence of free gas bubbles can be used tor purposes other than imaging, such as non-invasive
assessment of gas concentration, temperature or ambient pressurve (chapter 7). These potential
applications are supported by the [act that the disappearance time of gas bubbles depends
on the dissolved gas concentration, temperature and ambient pressure. Also, other gases like
perllior gases, which have lower diffusion and Ostwald coefficients, may be used. This results
in longer disappearance times, so that the released gas bubbles can be used lor a longer period
of time.

Tinally. pharmacological applications may be possible. Certain drugs caun be incorporated
into the shell or attached to its surface. Using ultrasound at high acoustic peak pressures, these
drugs may be released [rom their microspheric carrier at specilic locations within the human
body (chapter 8). This means that drug treatment can be locally delivered, resulting in a lower
systemic dimg level.

3.5 Conclusions

In this chapter, a three-way demonstration is provided. that the enhanced traunsient scattering
observed when encapsulated gas bubbles are exposed to ultrasound pulses of high-peak pressures
exceeding a threshold can be explained Dby the release of free gas bubbles. Encapsulated gas
bubbles are robust and last in the civenlation but their scatter efficiency and nonlinear response
are snboptimal. The scalter efficiency and nonlinear response of [ree gas bubbles, however, ave
[ar superior but their life span is limited to milliseconds, Thercfore, ultrasound in combination
with this “dualistic” character suggests that encapsulated gas bubbles can be constried as a
robust vehicle for localized delivery of free gas bubbles, (he ultimate nltrasound contrast agent.
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CHAPTER 4

Release burst imaging of ultrasound
contrast agents

Abstract

A novel wltrasound contrast imaging lechnique s described that optemally einploys the rupture
of the contrast agent. [t ds boased on o combination of nmaltiple high frequency, broadband,
detection pulses and o separate release burst. The detection pulses are used to survey the forget
before and afler the ruplure of the contrast agent. T #his way, both processes (fmaging and
relewse) can be oplimized separately. The presence of the contrast agent is simply detecied by
correlating or sublracting the signal responses of the detection pulses. Becouse the time deloy
between the delection pulses cun be very short. the subbroction ds less affected by tissue motion
and can be performed in real fome. Tn witro measwrements showed that by using o release burst,
the delection sensitivity incrensed 12 to 43 dB for different types of contrast agents. In the
presence of o noving phantom, the increase in sensitivity was 22 dB. This new method is very
sensitive for controst agent detection in fundamenial imaging mode and, therefore, nonlinear
propagation effects do not imit the mazimum obiainable sensitivity for contrast agent detection.
However, due to the inherent disruption of the conbrast agend, the melhod has Lo operate in an

mderimattent way.

Based on the publication: #A novel ilirasound contrast imaging approach based on the combination of
multiple huaging pulses and a separate release hurst” by Peter JLA. Frinking, E. Ignacio Céspedes, Johan
Kirkhorn, Hans Torp and Nico de Jong. Accepted for publication in: {EEE Transections on Ultresonies,
Ferroelecirics and Frequency Control, 1999.
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4.1 Introduction

Tlhe utilization of ultrasound contrast agents, to extend the capabilities of ultrasomnd imaging,
has resulted in the develepment of a variety of auxiliary methods ol operation, These methods
exploit specilic acoustic signatures of contrast agents, aud are desigued 1o improve the sensitivity
of ultrasound imaging systems lor contrast agent detection in the presence of tissue, which can
be defined as agent-to-lissue ratio. Harmonic-contrast imagingt, for example, exploits the
lighly nonlincar scattering behavior of gas bubbles, which is not shown by tissue. Although
conventional harmonic-contrast imaging offers limited success in perfusion imaging applicalions,
its combination with Doppler techniques {e.g. color Doppler, power Doppler) is one of the mast
sensitive imaging modes currently available in terms of ageni-to-tissue ratio.

There is, however, a tradeoll’ between the detectability of nlirasonnd confrast agents and
imaging resolution”. The limited bandwidth of current transducers force the bandwidth of
the transmitted wave to be parrew to minimize the spectral overlap between the fundamen-
tal and secoud harmonic paris of Lhe received spectrum, Additionally, for high handwidth
imaging pulses, which are preferable for Ligh resolution imaging, the harmonic and Doppler
spectra will broaden and, thercfore, the precision lor detecting the contrast agent will decrease.
New techniques like pulse inversion and pulse inversion Doppler® largely overcome the coutrast
detection-resolution tradeoff. [However, noulinear propagation continues to lunit the perfor-
mance of harmonic-contrast and pulge inversion meihods. Although minimized by applying
adjusted Doppler filters for agent and tissue properties!, the maximum obtainable scusitivity
Lo detecl contrast is limited.

In cliapter 3, it has been shown that encapsulated types of countrast agents possess a “dual-
istic” scallering character, with a particnlar behavior oconrring at acoustic pressures above a
threshold. At these acoustic pressures, the scatfering increases dramatically due to the nonlin-
car behavior of the contrast agents, e.g. Quantison™ {(Quadrant Ltd., Nottingham, UK) and
Sonovist® (Schering AG, Berlin, Germany). This is explained by the fact thal [ree gas bubbles
are released as the cucapsulating shells are ruptured by a high power ultrasonnd barst. The
result is o transicnt enbancement of the scattering, where the duration of the cifect is related
to the persistence of the free gas bubbles in the medivm. With small variations, this particular
signature has been addressed by several names {or the different types of coutvast agents; acous-
ticafly stimulated acoustic emission (ASAE)®, power-enhanced scattering (PESYS | scintillation
sonography’, flash-echo imaging®, cte.

In conventional B-mode imaging, the cuhanced scaitering may be visualized as Dright
echogenic areas {(figure 3.1). Although the increase in echogenicity s substantial, in hyper-
echoic regions or very small vessels where the number of hubbles is low, e.g. the myocardium,
echoes from surrcunding tissue can easily mask this inoreased echogenicity, As an cxample,
fignre 4.1 depicts the backscatter coefficient spectva for blood?, normal myocardium'®' and of
a tissue-mimicking phantom used in this study., Figure 4.1 also shows the backscatter cocffi-
cient of intact Quantison™ (chapter 2}, and of Quantison™ immediately after applying a high
power ultrasound burst {chapter 3}, The latler two represent the backscatter cocllicient of the
encapsulated gas bubbles and the released [ree gas bubbles, respectively. This figure llustrates
that for the concentration used (3.3%10° microspheres per ml), there is a 10-20 B3 increase in
the scattering for the free gas bubbles. However, it still is 5-10 dB below the scattering level
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Figure 4.1 Backscatier coefficient for blood (), novmal myocardium {(———), tissue-mimicking phanlom.
{(— ) and Quonbison™ al a concentration of 14500 (3.9x 1(P mierospheres per wi) before (o } and éneme-

diately after (- - - } u high-power wltresound burst,

of the phantom and nermal myocardial tissue. Consequently, imaging stratepies based on the
analysis of amplitude will still result in a low agent-to-tissue ratio.

With the corrent imaging techniques, gas release {contrast agent disruption) and imaging
are achieved during the early part and late part of a relatively long (several cyeles) transmitted
burst, respectively. However, it has been reported that, for a fixed amplitude and a given
number of cycles per hast, the process of releasing gas bubbles is morve efficient at lower
frequencies®. Morcover, the velease also improves with more cycles in the acoustic burst for
a fixed amplitude and frequency®. Thus, while it is well known that the imaging resolution
improves for short, high frequency pulses, the process of free gas bubble release is most effective
for long, low frequency bursts.

In this chapler, a new contrast imaging technique is proposed that resolves this situation by
separating the imaging and release processes. Imaging, or detection pulses, are used to survey a
target before and aller the release of free gas bhubbles from the contrast agent. Both processes,
imaging {detection) and release (disruption), can be oplimized separately and, therefore, this
method circumvents the need (o sacrifice either contrast sensitivity or imaging resoiution. By
comparing the scattering responses of hroadband detection pulses before and after the release
of [ree gas bubbles, high-resolution contrast imaging can he achieved with a high sensitivity for
confrast agent detection.
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4.2 Theory

The ability of a single ultrasmmd pulse to disrupt or modify an ulirasou] contrast agent
increases for high acoustic amplitudes, long pulse lengths and low frequencies. These three
paramelers are all present in the expression of the acoustic energy:

K
. Y . . : !
B coustic = / (Pysin(2r f))dt = K - P(f? = K- (M7, (:L.1)
Jo .
where
Fy = acoustic pressure amplitude
f = frequency
3 = time
K = number of eveles per hurst.

The mechanical index (M) is delined hy':

M = % (4.2)
with the peak negative acoustic pressure (P} in MPa, and the frequency in MHz. Increased
disruption efficiency at Tow frequencies can be explained by increased MT and energy. For an
imaging situation where the MT s Timited, becanse of attenuation or safety regulations, the
pulse length, K, is the only parameter that can be used to increase the disruption efficiency.
However, imaging resolution improves fov short, high frequeney pulses. Therefore, by separating
imaging and coutrast agent disruption both processes can be optimized independently.

Imaging

\k— At —F‘%’\
P, P,

Releasc

|

Figure 4.2 A typical ‘multiple delection pulses release burst’ sequence. Top: twa low emplitude, brovdbuend
‘maging’ pulses (P and Py} are sepavoted by a time delay of At Botfom: A high amplilede, nerrow bond
(several cycles long) “elease’ urst is transitied in between the two detection polses. (Note that the amplitudes

are not plotted on o relutive seole).
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Ultrasound contrast agent detection

Multiple deteetion pulses {7 and f%, top of figure 4.2) are used to survey a target before and
after the disraption of conirast agent by a ligh-power ultrascund burst, the so-called release
buest (figure 4.2, hottom). The pulse-to-pulse change in the received echio signals is cavsed
by the modilication of the contrast agent or release of free gas bubbles, which exclusively
occurs in areag oceupled by contrast agent. The received radio frequency (RF) signals, @(2),
are demodulated to their baseband in-phase and quadrature (1Q) components by mixing them
with two sinusold signals, 90 degrees out. of phase (gure 4.3). The demodulation frequency is fy,
and generaliy is chosen equal to the transmit lequency. Subsequently, the I and Q) components
are low-pass filtered and decimated, thus achioving a lower sampling frequency, In this way,
pliase and amplitude changes can be obtained acenrately at lower sampling frequencies than by
using the raw RF signals. A conlrast specific signal can be obtained by temnporal correlation
or simnple subtraction of the received RT signals before and aller the release hurst.

cos(2nf 1)

low pass lilter  |—>  decimation |3 Refxit)) =1

%}—P lony pass filter  f—3™] deeimation — Imix{i)} =Q

sin{2nf,t)

RF - signat
xft)

Figure 4.3 Dasebend demodulation scheme including low-pass fillering and decimation.

Correlation approach

Temporal correlation analysis is perlormed on short, sliding, overlapping windows of the vo-
ceived haseband demodulated RE signals. The (normalized ) correlation profile along the beam
is given hy:

Lgdnd

(Se[k] 810 ) { o[k~ 5 )

E=l{n--1)A

peln) = == IR TE—
) Si[k] S ) b Safk]- S2q
h:i+%:—1)A( ] -5 ) k-:H'(n—l)A( [+ )
. N Lw K
=1 el B {1.3)
where
5[k} = demodulated RF sigual belore the release burst

53k} = demodulated RF signal after the release burst
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k = sample number along the heam
T = window number
N = total namber of range samples {depth)
Ly = number of range samples per window
Sin = mean of 57 for window n
cr 1 . .
Suy = mean of 5 for window n.
A= Lw - Lr): (44)
with
L, = number of overlapping range swmples (L, < L)

Ini case of no release urst (and assuming that there is no decorrelation), S; and 83 will be
similar and, consequently, {p of appreaches 1. On the other hand, when a release burst is used,
Sy and Sy will he different in reglons containing contrast agent due to the additional response
of the released gas bubbles, and |p; 2] will approach 0, depending on the amount of released gas
bubbles.

Subtraction approach

As an alterative to correlation, in many cases the sum-absolute-difference (SAD) can be used
instead of the normalized correlation coefficient’®. The SAD method does not reguire multipli-
cation nor the caleulation of mean signal values, like with corrclation, and thus may be faster
and easier to implement. Althongh the SAD method is not similar to the correlation method,
it is known that a minimum of SAD oceurs simultancously at meximum correlation'. The
SAD profile along the beamn direction is given by:
Fodnd
SADafl = ) [Siik] = Sek]]; =1 -

k=1+(n—-1)A

where SA40) 5 [n] Is the non-normalized sum absolate difference of the windowed baseband
responses Sy and Sy,

When the window size L, = 1 and L, = 0, equation (4.5) simplifies to simple suliraction
of the two baseband responses;

(4.6)

dra = [Si - Szi:
where 4, 5 is the absolute value of the difference between responses 57 and Sy along the eam,
and will e defined as the difference profile. This is an approach used in radar and in ultra-
sound color flow imaging, to isolate echoes from moving structures from velatively stationary
cchoes, and is called the moving target indicator (MTT) teclmigue!®®, Hence, when there is no
motion, the background signal {clutter} is simply removed and the difference profile indicates
the sensitivily to detect the contrast agent in the presence of (stationary) tissue, i.e., il is a
measure of the agent-to-tissue ratio.



4.3, MATERIALS AND MIETHODS 55

4.3 DMaterials and methods

To evaluate the proposed imaging method, experiments were performed with single-element and
phased wvay transducers to transmil the detection pulses. The set-up for the single element
transducer was used as a fondamental tess of the method. The phased array transducer was nsed
to investigate the feasibility of implementing the method in a conumercial diagnostic ultrasound
scanuer. For both experiments, a separate single element transducer was used to generate the
release hurst.

Single element transducer

The experimental setup is Hustrated in figure 4£.4. A circular 2-MHz single-element transducer
(Panametrics, Waltham, USA) focused at 75 mm, with an aperture of 25 mun, was mounted
in a water tank. A galed sine wave burst (4 cycles) was generated by an arbitrary wave-

amplifier J“* altenuator
av

7 Waveform

B : generalor
\ -': trig
: g [N - *‘
I’anamctrius—l

ng

Imaging

Phantom + fibc

‘ oscilioscope +>J compuier

Flowing agent

Figure 4.4 Setup for single elemend experinments.

form generator (LW 420A, LeCroy, Chestnut Ridge, USA} and amplified by a 60 dB lincar
power amplifier {A-500, ENI, Rochester, USA). The amplitude was adjusted by a separate
variable atternator (355C/D, HI, Palo Alte, USA]} to a peak-uegative pressure, ' = 2 MPa.
This signal was direcled o the 2-MHz transducer, and was usced as release burst. A cireular
5-MHz (Panametrics) broadband, single-element transducer was mounted perpendicularly to
the 2-MIz transducer. This transducer was [ocusecd at 75 mm and had an aperture of 18 mm.
Short, pulses (fractional bandwidth of 90% at the —6 dB level} were gencerated, hefore and
immediately after the release buvst, and veceived by a pulser/receiver (5052 PR, Panamctrics).
The peak-negative pressure was 200 kPa. The received signals were amplified 40 dB3 and dig-
itized by a LeCroy 9400A {LeCroy) digital oscilloscope {100 MHz, 8 hits). The signals were
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recorded over a time window of 10 ps and transferred via an IEEE 488 inlerface to a standard
personal computer. All processing and visualization were performed ofl-line using Matlab®
{The Mathworks Inc., Natick, USA).

Phased array transducer

Experiments were performed with a 3.5 MHz phased array transducer of a System Five
(GE Vingmed Ultrasound, Horten, Norway) altrasound scanner (A in figure 4.5). The trans-
mitted detection pulses had a center frequency of 3.3 MHz with a fractional bandwidth of
G0% at —6 A0, and & mechanical index (MT), as displayed on the ultrasound scanner, of
0.4 and 1.2, The corresponding measured peak-to-peak pressures values, as measured with a
calibrated hydrophone (PVDEZ44-0400, Specialty Engineering Associates, Soquel, CA, USA)
wore 0.6 and 1.5 MDPa, respectively. A circular, 0.5-MHz {Panametrics) single-clement trans-
ducer (B in fligure 4.5) was mounted perpendicularly to the phased array transducer, and
generaled (he release hurst (10 cycles, P ol (L6 MPa). This transducer was focused at 75 mi
and had an aperture of 37 mon. 16 detection pulses were lired in cne direction with a pulse
repetition frequency (PRF) of 4 kHz. The release burst was synchronized to the eighth imaging
pulse, giving a RE-datascet with 7 pulses before and 8 pulses after the release burst. Ouly the
regponses of pulses 7 and 9 were used.

Figure 4.5 Sctup for phased array experiments. {4) phosed arvay transducer connceted to the System Five for
genervating the detection pulses, (B) 0.5 MHz single clement transducer whicl tronsmits the velease burst, (C)
tissue-mimicking phantom mode from egar mized with carborindum seatteving porticles, (D) synthetic capillary
fiber with dnner diemeler of approvimaelely 180 jem which is continuously flushed with diluted contrast agent

ustng « roller pump (E).
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4.3, MATERIALS AND METHODS

Tissue motion

In practical diagnostic ultrasound, patient breathing and cardiac pulsation induce tissue motion.
Due to tissue motion, successive echo signals from one direction can change considerably, which
can be interpreled as bubble distuption. Therefore, we sel up an experinent to grade the offect
of tissue motion on the sensitivity to detect the contrast agent.

DC
mator M-mode

Control
unit

depth [em]

— — time [s]

Figure 4.6 Left: device used to simulate ‘tissue motion’. Righl: M-mode recording showing the alternoting up

and down molion of the bransducer with o peak velocity of approvimalely 1.5 co/s.

A custom made device (figure 4.6, left) was nsed to maove the transducer of the System Five
itrasound system relative to the phantom to simulate tissue motion. The device consisted of a
DC motor connected Lo a screw shaft moving a sliding probe helder. Two adjustable switehes
were mounted on the device, and a control unis changed the motor rotation direction every time
oune of the switches was hit by the slide. This way, ihe device prodiiced an alternating up and
down ‘tissue motion” with a peak velocity of approximately 1.5 em/s. Figure 4.6, vight, shows
a M-mode recording indicating the up and down movemeni. of the transducer. The straight
lines indicates that the transducer was moving more or less lingarly. Note the ‘wiggles' in the
M-mode, which were caused by Iateral motion of the transducer due to a slight eccentric rotation
of the screw shall.

Phantom setup

Flow phantonis were constiucted to emulate smali hlood vessels in tissue. A PTETE tubing (Zeus,
Orangeburg, USA) with an inner dismeter of 1 mm (fignre 4.4), and a synthetie Cuprophan®
capiflary fiher (Alwo Nobel Faser AG, Germany} with an mner diamcter of 180 o [figure
4.4 and T in figure 4£.5) were used as vessels. The vessels were embedded in agar blocks of
6x5:5 cm (Cin figure 4.5). The agar (Agar powder CMN, Boom BV, Meppel, The Nether-
lands) was mixed with small carborundum particles (particle sizes ranging from 5 8 pm} to
mimie high echogenic surrounding material (2% Agar with 2% carborundum). The hackscatter
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coefficient of the phantom is shown in figure 4.1 (solid linc). A fow setup (E in figure 4.5) was
constructed Ly connecting the vossels to a flow unit driven by a peristaltic pump {Varioperpex®
12000, LIKB Bromma, Sweden) using 25 Gauge needles. A flow rate of 0.1 co/min was used,
which carresponds to an average velocity of approximately 0.2 and 5 em/s for the T-mm vessel
and 200-yom vessel, vespectively.

The transducers were aligned witl: the vessels by looking at the reflection of air, which was
initially flushed through the vessels. For the experiment with the single element transducer,
the phantom was positioned sach that the vessel was located at the focus of the release and
imaging transducers, d.e., 75 mun [rom both transducers. For the experiment with the phased
array transducer, the location of the vessel was 95 mm from the sarface of the phased array
transducer, and in the focus of the release transducer.

Contrast agents

Three different types of contrast agents m solulion were used. Quantisou™ consgists ol air
bubbles encapsulated by a relatively thick (200-300 nm} and rigid shell of human albumin,
Levovist® (Schering AQ, Berlin, Germany) consists ol air pockets trapped in galactose sugar
stabilized by palmitic acid, which after suspension behave almost identical to free air hubbles.
SonoVue™ (Bracco Research S.A., Geneva, Switzerland) consists of sulfur hexafluoride gas
bubbles encapsulated Ly a fiexible phospholipid shiell. All three agents have a mean bubble
diameter close to 3 pm.

4.4 Results

Single element transducer

Fignre 4.7 shows a step-by-step representation of the proposed imaging approach with the I-
mm vessel fifled with Quantison™ . Ry and Iy (lop of figure 4.7) represent the received RE
signals of the two detection pulses I3 and P, (ligure 4.2), respectively. The absolute value of
the correlation coefficient, |p|, was caleulated by means of equation (4.3), for a window length of
0.5 mm and 30% window overlap. The correlation profile was consiructed along the acoustical
beam, i.c., versus depth (middle of figure 4.7). A threshold valie |p|y,, below which the area was
recognized as a contrast rich area, was delined (in this example an empirical value of |ply, = 0.8
was defined). Finally, (bottom of figure 4.7), the areas where |p| < |plw were celor coded and
super imposed on the original B-mode image.

As an example of the SAD methed, the smme data used in the previous section was processed
according to cquation {4.5) with the same window length and overlap. The SAD profile vs.
depth is expressed in dB and shown in figure 4.8A. The peak in the SAD profile indicates the
presence of contrast due to its pulse-to-pulse variation comparcd to the surrounding phantom
material. Since the SAD is not normalized, a reference value was calculated by averaging the
response of the phantom over a 2-mm section next to the vessel. In this wayv, the sensitivity or
agent-to-tissue ratio could be calculated by subiracting the reference value from the peak value,
which in this particular example was 26.8 dB. The difference prolile vs, depth, as calenlated by
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Figure 4.7 Schematic representation of the detection process for the 1-mm vessel filled with Quantison™:.
Top: Response of the two successive detection pulses (RF traces). Middle: Regions of high or low correlation
can be detected along the beam by gated correlation analysis. A threshold of 80% correlation was used to delect
the presence of released air bubbles. Bottom: Grey scale and color representation of phantom, based on high and

low correlation regions, respectively.

means of equation (4.6), is shown in figure 4.8B. Although the agent-to-tissue ratio increased
to 29.1 dB, the vessel was clearly depicted in both methods.

In conventional B-mode imaging the detection of contrast agents is based on an enhancement
of the hrightness of grey-scale images. However, in hyperechoic regions or very small vessels
where the concentration of contrast is low, echoes [rom surrounding tissue can easily mask
this enhancement. For the myocardium, for example, the ratio of the blood volume containing
the contrast agent and tissue is less than 10% and, consequently, the enhancement will only
be several dB. Therefore, B-mode imaging results in poor contrast agent detectability in the
presence of tissue. This is illustrated in figure 4.9 (top), where A-mode lines of the phantom
with the 200-pm vessel and Quantison™ are shown. Three different situations are shown, wiz.,
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Figure 4.8 SAD curve (A} ond diffevence profile (B) vevsus depth for the sume experimentul dolo shown in
figure 4.7.

withoui contrast and without velease burst (line A), with contrast but without release burst
{line B) and with contrast and with release burst (line C). The addition of ¢he contrast agent
hardly results in an enhancement (A and Bj, whereas the use of the release burst generates
an enhancement of approximately 10 dB (B and C). However, the level of line C al 7.5 em
does not exceed the level of the surrounding phantom and thercfore the agent-to-lissue ratio is
very low. On the other hand, by the combination of the release buvst strategy and sublraction
processing, the stationary signal from tissue is cancelled resulting in an agent-to-tissue ratio of
more than 24 dB (bottom of figure 4.9).

Phased array transducer

Figure 4.10 shows difference profiles (in dB vs. depth) as calculated by means of cquation: (4.6),
using the System Five phased array transducer (for the 200-pm vessel). The figare is organized
as follows, The rows, ie, figure 4.10 A-C, D-I" and G-I, show the results for Quantison™,
Levovist® and (he SonoVue™ | respectively. The colunns, i.e., figure 4.10 A-D-G, B-T>-T
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Figure 4.9 Buperimend wilh the 200-jan vessel and Quantison™ Top figure shows A-mode vepreseniolion
of the dota for three different situativns, vz, without contrast end without velease burst (A), with condrust
but without veleose borst (B) and with controst and with release burst (C). Botiom figure shows the difference
profile celewloted by subiracting the vesponse of the detection pulses before end affer the velease burst. The
sensitivity, or agent-to-tissue ratio, is calewlated by the difference between the peak velue and the mean volue of

the surrounding phaniom, caxpressed in dB. Note thot the scale of the v-axis was stretched for clarity.

and C I' T, show the results of MI = 0.4 for the detection pulses and without release burst,
MI = 1.2 without refease burst and M = 0.4 with release buvst, respectively. The two colunns
on the left are indicated in figuve 4.10 as ‘conventional’. This means subtracting pulse 7 and
O and not using the velease burst. The column on the right is indicated by ‘release burst’ and
represents the new method, which means subtracting pulse 7 and 9 and using the release burst.

The vessel with contrast is located at a depth of around 9.5 cin, indicated by the peak in
the difference profiles. The sensitivity, or agent-to-tissue ratio, was calcuiated by subtracting
the reference value from the peak value. The left-most and right-most columns show that for
the new method an increase m sensitivity of 43 dB, 12.5 dB and 14.8 dB can be obtaied
for Quantison™ Levovist® and SonoVue™ respectively. The increase in sensitivity was the
highest for (Juantison™, probably because the release hursi was optimal for the release of
gas bubbles for this agent. Further acoustic characterization should reveal wljjgﬁn.the optimal
seltings, like {requency, amplitude and pilse lengths of the release nust are fortchér contrast

"
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ageuts. The peaks in figire 4.100 and 4.10G result from strong scattering and disruption by
the detection pulses ag a low MI, [or Levovist® and SonoVue™ | respectively. Note that this is
not the case for Quantison™™ (figure 4.10A).

The middle column of figure 4.1 shows that, for a maximum MI of 1.2 for the detection
pulses and without wsing the release hurst, a high agent-to-tissue ratio is oblalned. Appareutly,
at this acoustic pressure free gas bubbles are released by the detection pulses. The increase
in gensitivity between this configuration and the new method, ¢ ¢, the middle and right most
coliwnns is only 4.2 dB, 6.8 dB and 1.6 dB for Quantison™, Levovist® and SonoVue™!, respec-
tively. However, these results were from measnrements in water with the agar phantom. The
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Figure 4.10 Diffevence profiles from the phontom with the 200-pm vessel and Quontison™ (4 O}, Levovisi®
(D F} and SencVuer™ (G-I}, The left wmosi column shows the difference profiles of two delection pulses al
MI = 0.4, withouwt using the release burst, The middle column shows the difference profiles of two detection
pulses af MI = 1.2, without using the release burst. The vight most coltwmn shows the difference profiles of

two detection pulses at M1 = 0.4, one finuging palse before and one after the release bavst. For oll figures, the

sensitivity, or agent-to-tissne ratio, was celculoted by the difference between the peok velue and the mean value

of the surrounding phaniom, expressed in dB.
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total attennation of the detection pulses in this situation is only 1 dB. In tissue, on the other
hand, the attenuation is much higher, especially for higher frequencics. Tor the settings used
in this experiment ([requency of 3.3 MHz and 9.5 cin depth) the attenuation of the detection
pulses in tissue would he 10-15 dB. Since the frequency of the release burst in this experiment
was 0.5 MHz, the attennation in tissuc at a depth of 9.5 em would he 2-3 dB. Therefore, for
in viwo application, it is more realistic to compare the results of the lelt-mest and right-most
columns. Note that the peak negative pressure [or the release nusi was only 0.6 MPa, and
that the pealk negative pressure of the detection pulses al maximum MT was 2.2 MPa.

Tissue motion

The results shown in figure 4.10 were obtained in an ideal stationary situation, Figures 4.11A
and 4.11153 show the results of the experiment for Quantison™ without and with tissue motion,
respectively, at an MI = 0.4 for the detection pulses and with release bursi. Compared to
the stationary situation {A), the agent-to-tissue vatic decreased by approximately 20 dB in the
case ol tissue motion at a speed of 1.5 cm/s (B). However, the contrast agent was still clearly
detectable.
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Figure 4.11  Difference profile from the phantom with lhe 200-pum vessel and Quantisen™, withoul motion
(A). Difference profile with motion, induced by moving the phesed array transducer ol 1.5 em/s velotive Lo the
phantown (B).

Due to the high sensitivity of the subtraction approach, as few as two signals can be used Lo
detect the contrast agent in the presence of moving tissue. However, tissue motion at a velocity
of 1.5 ¢m/s cannot be considered represcutative of cardiac motion, but is more representa-
tive for motion induced by patient breathing in abdominal imaging., Nevertheless, more than
two signals can be used to obtain improved estimates in, for example, cardiae imaging were
peak velocities of 5-10 cim/s may oceur. Alternatively, clutter filters, as used with ulsrasound
Doppler techniques, can be used to [uriler reduce motion artifacts'”, and will be discussed in
chapter 5.
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4.5 Discussion and conclusions

Subtraction methods have been used for some thne for the detection of ulirasound contrast
agents!®, Video densitometry, Tor example, relics on the subtraction of pre- and post-contrast
video frames'®, and was used to detect the agent in the myocardium. The method hasg, however,
some major drawbacks. Ullrasound imaging systems apply nonlinear compression mapping and
post processing technigues ou the acyuired RE signals belore digplay. The pmposce is to display
the entive range ol echoces, with a dynandce range which can he more than 100 dB, on a 30-dB
range of monitor grey-levels and to produce aesthetically pleasing images, Unfortunately, this
makes the sublraction of video frames ambiguous®. Alternative methods have heen proposed
that nse the raw RF data instead, 1o obtain proper and sensitive subtraction?!. Howcever, for
this to be ellective, adequate alignment of the pre- and post-contrast data is reguired. Becausce
the time inkervals can be in the order of minutes, the transdncer angle or position mostly
changes and therefore the sean plancs are not identical, resulting in residnal sipnal from tissue,
With the method proposed in this chapter, the time-interval between the two detection pulses
is minimal {approximately 200-400 s, depending on the scan depth, size of the region ete.),
and thus the subtraction of the RF data can he performed in real-time, 4.e., it is less exposed
Lo acquisition instabilitics,

A potential limitation of the method, which applics for all imaging sirategies that rely on
the release of free gas bublbles or hubble distuption, is that it has o operate intermittently.
Due to the bhubble disrupiion, intermittent imaging, where single scans arc made at vegular
time inlervals (e.g. 0.2 1 Hz), is cwrrently used to increase thie life span, and therefore the
ellicacy of the contrast agent. However, in this mode ultrasound hmaging looses its real-time
character, and consequently, it is difficult to determine the position of the scanning surface.
Witl: the approach described in this chapter, the imaging can operate continuously at low
acoustic pressure, i.e., without distupting the contrast agent, while the release burst operates
iutermittently, similar to Hash-echo imaging like deseribed by Kamivama et al.®. Thus, real-
time imaging can be performed, while the information of contrast rich areas will be updated
after every scan of release bursts, resulting in high officacy of the conlrast agent.

With the approach described in this chapter, the power and duration of the release burst
can be designed to optimize the amount, and perliaps the type, of lvee gas bubbles released.
This, in turn, translates into a longer period of imaging per unit amount of contrast agoeut, or
alternatively in a lower dose of contrast agent required for imaging. Additionaliy, optimized
agen! usage can reduce attenuation caused by the contrast agent itself and thus improves
imaging penetration,

TFor the implementation in commercial ultrasound scanners, hardwarce changes are probably
necessary. An approach under investigation is a specialized plased array transducer with two
different types ol transducer elements arranged in an interleaved pattern {odd-even elements).
QOue type, e.g. the odd elements, will be nsed lor trausmitting the high-amplitude low-frequency
release burst, while the second Lype {even clements) will be used for imaging, so transmitting
a low amplitude high freguency pulse that can be used in [undamental as well as in second
harmonic mode. Apart [rom production challenges, the odd-even element configuration may
introduce additional artifacts in the images caused by grating lohes due to an effective increase
of the clement piteh. Heowever, by utilizing the second harmonic field to create the images,
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which is generated by propagation of the ultrasound wave throngh the tissue, this effect can
possibly be reduced.  Additionally, the advantage of the proposed approach is that for lower
lransmit frequencics of the release hurst the acoustic pressure will be more unilorm along the
acoustic beam and the attenuation will he low. Thus, bubble rupture and the generation ol
free gas bubbles will he wore uniforin, resulting in uniform contrast images.

In this chapler, a novel ultrasound contrast hoaging technique has been described that is
bascd on the combination of multiple detection pulses and a separate release bmst. The po-
tential of the method to achieve high sensitivity for contrasl agent detection, and high imaging
resalution performance, has been demonstrated for diffcrent types of coutrast agents. I& can
Lherefore be concluded that the synergy ol the release burst and the real-time subtraction of
signal respenses of high frequency detection pulses, may result in significant image quality
improvement in ultrasound conlrast imaging.
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CHAPTER 5

Release burst imaging of ultrasound
contrast agents in moving tissue

Abstract

In chapter 4, a novel ultrasound conlrast émaging technique was deseribed that optimally ex-
ploits the rupture or modification of the contrast agent. This method is based on o combination
of multiple high-frequency broadband detection pulses and a separuie release burst. The delec-
lion pulses are used to survey the turgel before and after the rupture of the contrust agent.
In Lhis way, both processes (detection and release] can be optimized separalely. By including
maove than one defection pulse before and after the release burst, temporal fillers can be applied
Lo suppress lissue clulter in fost moving regions, such as in cerdicc imaging. In this way, a
nainber of pulses are transmitted clong given lines of sight to interrvogate the larget, similor lo
power Doppler techniques, Subsequently, temporal processing is applied to discriminate chunges
caused by disrupting contrast agent from background clulier. The method is vaelidated for three
different types of contrast agent, and is compared to harmonic power Doppler methods. The
results indicate that en improvement in sensitivity i lerms of agent-to-tissue rafio is achicv-
able in dynamic sttuations, i.e., the method is capable of delecting the contrasl agent while
stinultaneously suppressing elutler from slow moving Hssue.

Partly Lased cn the manuseript:  “Three-stage approach to ulirasound contrast detection” by Joban
Kirkhorn, Peter J.A. Frinking, Nico de Jong and Hans Torp. To be sulnnitted.
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5.1 Introduction

Detecting blood flow in small vessels is ol great elinical interest, since the efficiency ol exchange
of mutrients between bloed and tissue depends on this flow. In cardiclogy for example, this
information can reveal perfusion deficits of the myocardinm.  Another clinical application of
current. interest is tumor differentiation by blood flow measurements in the tumor. It has
been shown thal the mean densily and the tortuousity or hregularity of the vascularity are
significantly dillevent for malignant and benign tumoers’?. [However, small blood vessels can be
Lard te deteet using ultrasound imaging, because Lhe blood-to-tissue signal ragio is low. This
ratio can be increased by using an ultrasound contrast agent, due to the Ligh cchogenicity of
the gas bubbles.

In chapter 4, a novel ultrasound contrast imaging method has been described. The noveliy
ol the approach is to separate the disruption or medification of the contrasi agent from its
detection. First, a low power detection pulse is transmitted to obtain a relerence signal, This
detection pulse is chosen [or maxinmum spatial resolution and minimuin coutrast diszuption.
Second, a higlh-power ultrasoimd barst, called the release burst, is transmitted to modily the
confrast agent and, couscquently, release (ree gas hubbles or change the scattering properties
of the contrast agent. Simce the release burst is nol used for imaging, it has ne lmitatlons
concernimg pulse length and transmit frequency, and therelore can be optimally tuned for its
destructive purpose. Finally, a sccond detection pulse was lransmitted to detect the changes
that were introduced by the release burst, Based on the difference in the echo responses of the
two detection pulses, a contrast specific signal is obtained.

Since Lhis new method is based on a multi-pulse approach, it has obvicus similarities with
ultrasound Doppler methods. With Doppler methods, multiple piilses ave transmitted aloug
given lines of sight, and the pulse-to-pulse changes in the reccived ccho signals are detected.
In ultrasound Doppler llow measurements, the blood echo signals me corrupted with clutter
signals from muscular tissue, vessel walls, ete., which can be much stronger than the blood
signals even after the iujection of a conirast agent. Additionally, there is abways a relative
movement. between the ultraseund probe and the unwanted tissue targets due the beating of
the heart, paticnt breathing and the operalor moving the hand licld probe. By employing
specific chrtter filters, these unwanted signals can be suppressed.

The simpiest form of algovithms for suppressing clutter is subtracting the echoes from suc-
cossive pulses, and is called mowving target indicator (MTD? or fived targei canceller. Tu chapter
4 it has been shown that this method works well for stationary siluations where scattering from
the contrast agent is Jow compared to scattering from siwrrounding tissue (figure 4.10). Even
with induced tissue motion at a velocity of 1.5 cm/s, the conlrast agent was still detectable
(figure 4.11). However, in cardiclogy, tissue velocitics can reach values hetween 5-10 cmn/s.
Therelore, more complex methods have been developed which combine the echo responses of
several pilses’™® These techniques enhance the ultrasound svstem’s alility to separate slow
moving clutter [rorn contrast enhanced-blood, i.e., it improves the system’s seusitivity for con-
trast agent detection. This part of the system is sometimes called the weall filter, and is present
in all forms of Doppler flow detectors”.

In this chapter, the ultrasound contrast imaging method Lhat has been introduced in chapler
4 1s combined with a processing scheme to suppress clutter similar to those used in ultrasound
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Doppler. Ap enscmble of pulses is transmitted i a given direction, but one of the pulses is
replaced by a release burst, Additionally, a new polynomial clutier filter is applicd that is
specifically developed for release burst imaging. In this way, improved contrast agent detection
can be obtained in the presence of highly-scattering moving tissue. The performance of release
burst raging is tested against liarmounic power Doppler (HPD) imaging. For both imaging
methods, the sensitivity to contrast agent delection is evaluated, together with their motion
suppressing capabilitics.

5.2 Theory

Figure 5.1 schematicaliy shows the effect of clutier filtering in the Doppler domain. In these
plots, Doppler power is projected onto the vertical axis, and the spread of Doppler [requencies is
projected on the horizontal axis, The Doppler signal from stationary tissue is a strong narrow
peak centered around zero Doppler [requency. The Doppler signal from moving blood is a
Gaussian-shaped peak with a lower amplitude than the tissue signal and an offset in Doppler
frecquency, which depends on the blood velocity (figure 5.1A). The stationary tissue (clutter)
signal can be as much as 40 dB higher than the signal [tom Dlood. Tlowever, the clutter
can he suppressed by the use of a high-pass clutter filter, so that the blood can be detected
{lignre 5.1B).
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Deppler Doppler
power & power &

clutter filter

bleod velocity
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Normatized Doppler frequency Normalized Doppler frequency
Figure 5.1 Hepresentution of fissue and blood flovw signal in the Doppler domain (A). Doppler power is pro-

jected on the verlical wais, the Doppler frequency is projected on the horizonial axis {the frequency is normalized

to the sampling frequency). The tissue is suppressed ofter applying the clutter Jiller (B).

Two phenomena can be noticed when a contrast. agent is added to the blood pool. First,
the strength of the Doppler signal from blood increases due to the highly reflective gas bubhles
{ligure 5.1A). Then, the power Doppler signal is the power of the signal that passes through
thie clutter filter (lGgnre 5.1B). Second, the rupture of the contrast agent causes pulse-to-puise
changes in the received signals. These chaunges are interpreted as random Doppler shifts which
means that it is not a Doppler signal due to motion but rather a measure of decorrelation,
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ane appears as a widening of the Doppler spectrum (figme 5.2A). The spectral broadening is
apparent, on the ‘Doppler frequency’ axis, and is represented in color Doppler imaging as a
colored mosaic map (see figure 3.2). Subsecquently, the clutter filter will suppress the clutter
together with a substautial part of the contrast signal {(figure 5.2T3).

A B
Doppler Doppler
power 4 power &
clutter filter lisste
contrast contrast
! L. g .
-5 1} .5 -5 0 5
Normalized Doppler frequency Normalized Doppler frequency

Figure 5.2 Effect of the oddilion of @ contrast egent in the Doppler domain, i.e., enhancement ond spectrel
broadening of the Doppler signal (A). The tissue clutter and o substantial port of the contrast signal is suppressed

after applying the clutter filier (B).

Blood fow velocitics can be as low as 0.02 an/s in the smallest capillary vessels®, which
is less than tissue velocity of the myocardium. Consequently, for perfusion immaging of the
heart, signals from blood contalning contrast agent canuot be differentiated from signals from
surrounding tissne based on velocity, Tor low hlood velocities, the Doppler spectram from the
contrast agent will be centered near zero Doppler frequency, and will be overlapped by the
clutter spectriun. However, the width of the Doppler spectriun depends on the rupture rate of
the contrast agent. Hence, a high rupture rate results in a wider Doppler spectrum with more
of the coutrast signal passing through the clutter flter. Consequently, efficient conirast agent
disruption is essengial for the sensitivity of Doppler methods in detecling ultrasound contrast
agents.

Signal model

The assumption is made that the scattering properties of tissue are not changed by the release
burst. Furthermore, the scatterced signal [rom the contrast agent has to be stable during the
interropgation by successive pulses from a given line of sight. Additionally, the asswunption is
made that the amplitude of the detection pulses is low enougl to prevent the contrast agent
from being ruptured, and thal the pulse-repetition frequency (PRF) is high encugh, so that
changes due to flow arc minimal. The contrast agent will be modified by the release burst, i.e.,
the contrast agent is disrupted and a variation in the signal responses from the contrast agent
is detected. (Note that therc may be some pulse-to-pulse variations in the signal responscs
from the contrast agent due to bleod flow and possible modifications by the detection pulses.
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This is related to the acoustic properties of the contrast agentl and will diffier for various types
of conlrasl agents.)
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Figure 5.3 Compler plois of the signal model, based on a hypothetical example, showing range semples of
(A) slowly moving tissue and (B) contrast agent. The release burst is indicated by the ‘flash’ symbol after the

4th semple.

Figure 5.3 illustrales the expected signals from moving tissne {(A) and from the contrasi
agent (B) in the complex domain. Complex demodulated samples from one depth range are
shown counterclockwise for the snccessive detection pulses. The release burst is depicted by
a ‘flash’. For the tissue signal, the samples before andd after the release burst follow the same
smooth curve in the complex plane. The phase shift is caused by tissue motion. The samples
from the contrast agent, on the other hand, show an alimost deterministic path before the
release burst. However, the contrast samples show an unpredicltable behavior after the release
hurst, which is due to the diszuption and changed scattering hehavior of the contrast agent.

Polynomial filter

Clutter filters for color flow and power Doppler imagiug can be based on polynoniial regression®.

The clutter component is estimated by fitting an ¥ order polynomial to the observed samples.
In this chapter, a slightly different approach is proposed. The samples before the release hurst
are used to caleulate the polynomial, which is then extrapolated to the samples after the release
burst. The power of the dillerence between the estimaled polynomial and the observed samples
after the release burst is calculated and used as a contrast specific signal.

The proposed filiering process is illustrated in figure 5.4. For moving tissue (A), the observed
samples after the release burst coincide ahmost exactly with the estimated polynomial curve.
For the contrast agent, the ohserved samples after the release burst are completely different
frony the polynomial curve. This results in a much stronger signal from the contrast ageat
than from tissue. A matrix implementation of the proposed polynomial filter is described in
appendix A.
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Figure 5.4 Principle of the proposed polynowmial filtering procedure for (A) moving tissee and (B) contrast

wgent.

5.3 Materials and methods

Contrast agents

Three different types of contrast agents in solution were used. Quantison™ {Quadrant Lid.,
Nottingham, UK) cousists of air Lubbles encapsulated by a relatively thick {200 300 nm)
and rigid shell of humaxn albumin. Levovist® (Schering AG, Berlin, Germany) consists of alr
pockets trapped in galactose sugar stabilized by palmitic acid and after suspension hehave
almost, identical to frec air hubbles. SonoVue™ (Bracco Research $.4., Geneva, Switzerland)
consists of sulfr hexafiuoride gas bubbles encapsulated by a flexible phospholipid shell. The
used dilution for Cuantison™ and SonoVue™ was 1:2000. For Levovist®, the product was
suspended in 20 ml of she liquid provided. Then, 5 ml was taken and put in 2 1 of Isoton® [T
{Coniter Eleetronics, Luton, UL,

Measurement setup
Tissue motion

The experimental setup as described in chaptor 4 was uscd in order to evaluate the method
as proposed in this chapter. That means, a scparate single-element transducer generated the
release burst while the detection piilses were transmitted by a phased array transducer that was
connected to a System Five ultrasound scanner (GE Vingmed Ultrasound, Horten, Norway).
A custom made device (figure 4.6, left) moved Lhe phased array transducer relative to the
phantom to simulate tissue motion. Tn this way, an alternating up and down “tissne motion’
was prodiced with a peak velocity of approximately 1.5 cm/s (see also chapter 4, seclion 4.3).



5.3. MATERIALS AND METHODS 73

Release burst imaging vs. harmonic power Doppler imaging

A new series of experiments were perforined to evaluate the perlormance ol release burst imaging
comparced to HPTY fmaging as a function of the acoustic pressure. The transmit sequence
was completely integrated i the Systemn Five ultrasound scanner (GE Vingmed Ultrasound),
i.e., the detection pulses and the release burst were transmitted by the same phased array
transducer. The machine scttings for these experiments are listed in table 5.1.  The acoustic

Table 5.1  Mochine settings of the System Five ultrasouwnd sconner (GE Vingmed Ultrosownd). The second
and thivd column on the left show the machine settings for the release burst wmethod. The right most celumn
shows the settings for HPD,

Detection pulses [ Release burst J Harmonic power Doppler
Frequency [MHz] 1.7 1.7 1.7
| Pressure (p-p)  [MPa) 0.16-1.0 L6 0215
Pulse length  Jeyeles] 2 4 2 and 4
# of pulses 1§ 1 6
PRFEF [kHz] 4 4

pressure of the release hurst was fixed to 1.6 MPa, while the pressure for the detection pulses
was varied with a maximuam of 1.0 MPa. The maximum pressure for the HPD method was
1.5 MPa. Two pulse lengths were chosen for the HPD method. The 2-cycle pulse length was

B¢ motor

Caontrol

i Flowing agent

Figure 5.5 Heperimental setup showing motion device, the phased array transducer ond the phantom with the
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similar to the detection pulses of the release burst method and was most optimal for imaging.
The 4-cycle pulse length was similar Lo the release hurst and was optimal for contrast agent
disruption.

The experimental setup is shown in figure 5.5. A ultrasound fow phantom (4094, Radiation
Measurements Inc., Middelton, WI, USA} was used. The phantom is made of tissue-mimicking
material with an acoustic velocity of 1540 cm/s and an attenuation of 0.5 dB em~! MHz™!
A latex tube, with an inner diameter of 1 cm, was incorporated in the phantom. A flow setup
was constructed by connecting the latex tube to a gear pump (50040, Watson-Marlow Lid.,
Cornwall, UK). A flow rate of 1.8 ml/s was obtained, which corresponds to an average velocity
in the tube of approximately 2.3 ¢m/s. The phased-array transducer was mounted in the same
motion deviee as used in chapter 4. The transducer was positioned 7 em above the latex tube,
anc was continuously moving up and down. During its motion, the transducer was coupled o
the phantom material through a water bath. The peak velocity as messured in the phanton
was approximately 4 cm/s. The radio [requency (RF) data was recorded in triggered mode,
synchronized to the wotion of the transducer.

Processing

For HPD imaging, power profiles from six pulses before the release hurst were calculated using
power-Dappier processing with a polynomial regression clutter filter®. Second harmonic fiftering
was applied to the reccived signals. For the release burst method, three pulses before and after
the release hurst were combined, and power profiles were calculated using the new polynomial
filtering algorithm.

The mean pixel intensity of two regions of interest (ROI) was caleulated [vom the processed
digital RF data. The RODs arc shown in the figure 5.5; one in the latex tube and one in
the phantom, and are indicated by € (= contrast) and T (= tissue), respectively. The agent-
to-tissue ratio {ATR)} can be defined as a measwre for the sensitivity of the techniques for
contrast agent detection in moving tissue. The ATR was caleulated by subtracting the mean
pixel intensity of T' [rom the mean pixel intensity of C,. All processing and visualization were
performed off-line nsing Matiab® (The Mathworks Tuc., Natick, USA}.

5.4 Results

Tissue motion

The experimental data for Quantison™ with tissue motion, obtaimed from the same data as
in chapler 4 was used. Figures 5.6A-T) show the results of the release hurst method togetlior
with the proposed polynomial [iHering procedure. Different orders for the polynomial clutter
filter were applied, iz, N=0, N=1, N=2 and N=3, and the filtercd resuits, as calculated by
means of equation (A.9), are shown in figares A, B, C and D, respectively.

The 200-pm capillary fiber coataining contrast was located at a depth of around 9.5 cm,
indicated by the peak in the power profiles. The sensitivity or ATR of the method was calenlated
by subtracting a relerence value from the peak value. Like described in chapter 4, the reference
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Figure 5.6 Difference profies for the experiment with motion (1.5 em/s} and Quontison™ . Different poly-
nowdal clutfer filker orders werve used. A} N=0; B) N=1; C) N=§; D) N=3.

value was caleulated by averaging the response of the phantom over a l-cm section next to the
capillary fiber. The ATR increased from 15.4 dB {A) to 40.2 dB (C). For the zero order clutter
filter, the ATR was smaller compared to figure 4.1118. This is due Lo the averaging character of
the clutier filter. However, by using a second order clutter filter, the ATR was comparable to
the ATR of the stationary situation (figure 4.10C), for a tissue velocity of 1.5 cm/s. Finally,
it can be observed from figure 5.6D that a third order polynomial clutter filter was too high
for this experiment, i.e., the filter characteristic was such that a substantial part of the signals
from the contrast agent was removed. Therefore, clutter filtering should be used with care
since too mich ol ihe contrast signal can be removed by the clutter filter, which results in lower
agent-to-lissue ratios.
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Release burst imaging vs. harmonic power Doppler imaging

With release burst imaging, a better ATR was obtained than with HPD, both for the 2- and
d-cyele transmitted pulses. The results are shown in figure 5. 7A-C for Quantizon™, Levovist®
add SonoVue™ | respectively. A Ligher ATR was obtained for the 4-cycle HPD over the 2-cycle
HPD. This can be explaincd by the more destructive character of the 4-cycle transmitled pulses,
For Quantison™, the ATR of HPD was close to zero for pressure amplitudes up Lo 0.7 MDa.
At these low acoustic pressures, the ATR for the release burst method was more than 20 JdB
higher than for the HPD methods. For higher pressures, the difference in ATR betwween the
release burst method and 4-cyele HPD decreased due to the increased disruption of the contrast
agent by the relatively long transmitted pulses. However, the difference in ATR. hetween the
release burst method and 2-cycle HPD slightly increased as a function of pressure.
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Figure 5.7 Ageni-to-fisswe rabio (ATR) vs,  transmit pressure for (A) Quantison™, (B} Levowis!® and
(C} SonoVue™ . —— = yelease burst imaging; ----- = f-cycle hormonic power Doppler émoging; —--= B-cycle

huarmonie power Doppler émaging. Second order clutter filtering was applicd in oll the ccamnples.

The gair in ATR of the release burst method over HPD, at an acoustic pressure of
0.2 MPa, was 12 and 15 JdB for Levovist® and SonoVuc™ | respeclively. The agents were
hardly detectable with the HPD method at these prossure values. The high ATR [or the rve-
lease burst methad may refieet contrast agent disruption, vather than detecting How. Ior higher
values of acoustic pressure, the ATR of HPT) increased for botl: agents, probably due 1o dow
detection and contrast agent disruption. However, the ATR for the velease burst method was
higher than the ATR for 2 and 4-cyele HI?D, for acoustic pressures up to 1 MPa.

5.5 Discussion and conclusions

Release burst imaging exploits the ruptwe ol the contrast agent and the subsequent release
of free gas bubbles, which is mainly observed [or Quantison™ and is described in chapter 3.
However, the method generally detects changes inn the scatlering properties of contrast agents,
and consequently works for different types of agents, as Lhas been shown by £he examples in this
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chapter. Moreover, the method offers the possibility to optimize the release burst for all types
of contrast agents, since rupture and detection are completely separated. Additionaily, because
the transient offcct of distupting contrasi agents is used, contrast agents can be detected that
move with the sanmic velocity as the tissue.

The results shown in figure 5.7 indicate that for high acoustic pressures, the ATR obtained
with 4-cycle HPD is close (o or higher than the ATR obtained with the release burst method
at 1 MPa. However, the same frequency was used for the release burst and the HPD pulses.
In a new experimental transducer embodiment, the release burst elemoents can physically be
separated from the clements that gevnerate the detection pulses. Then, by optimal tuning of
the release burst, a highly efficient contrast agent disruption can be obtained (this is explained
in more detail in chapter 4). Additionally, in practical situations with more attennation, the
ratge ol operalion of the acoustic pressure will be lower than 1 MPa. The results presented in
this chiapter have shown that in this situation the ATR for release buvst imaging is higher than
for HPD Imaging.

Good clutter suppression performance has been shown in figure 5.6, cven with complex
motion due to the small “wiggles’, which introduce lateral decorrelation (see M-mode recording
of the alternating up and down motion of the transducer in figure 4.6). Higher order clutter
filters could be used for more dynamic and irvegular tissue motion but also may suppress
a considerable part of the contrast agent signal. Furthermore, adaptive clutter filtering can
he applied for specific contrast agent and tissue properties and depth dependent filtering, as
describad by Bjarum and Torp!®.  Also, a higher mumber of pulses is beneficial for hetter
estimation of the polynomial. However, this increases the acquisition lime, and possibly reduces
the contrasl specificity due to unwanted destruction of contrast agent by the imaging pulses.

The experiments described iu this chapter mainiy focused on the seusitivity of the release
burst and ITPT) method rather than on the imaging resolution. However, from a theoretical
point of view, release burst imagimg offers the possibility for high ATR's with broad band
detection pulses giviug high spatial resolution. For HPD, on the other hand, the ATR were
highest for long narvow band pulses resulting in poor axial resolution,

An alternative polynomial fitting procedure can be applicd for agents that are easily dis-
rupted, such as Levovist®. Such agents will be disrupted by the defection pulses, and will
thereby show a random transient hehavior hefore the release burst. The release hurst will
destroy most of the remaining contrast, and signals from the detection pulses alter the re-
lease st will essentially contain anly the tissue clutter component. Estimation of the clutter
polynomial therefore may be applied to the samples after the release burst, and a hackwanrd
extrapolation should be applied (o the samples acquired before the release burst.

A more generalized polynomial fitting procedure may be that any of the sampies helore
and after the release burst are used for estimation of the polynomial. Then any of the saniples
(before or alter the release burst} can be used when subtracting the observed samples from the
estimated polynomial eurve. Such an approach will be suitable for next generation agents such
as SonoVue™ ) which have flexible encapsulating materials. These agonts are more persistent to
ultrascund, and produce sirong scattering both before and after the release hurst. This means
that both the clutter and contrast components of the response is present hefore and after the
release burst, and estimation of the clutter component should be based on all available samples.
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Finally, the release burst method may be combined with secoud harmonie filtering or with
Pulse-Inversion methods. Consequently, the transmit frequency of the pulses in the detection
pulses mwst be chosen at a [requency which allows sufficient sensitivity for reception at the
seeond harronic frequency.

Conclusions

In this chapter, the new contrast imaging Lechnicuie as described i chapter 4 has been extended
to an approach similar to those used in ultrasound Doppler processing. Through this strat-
cgy, a special clutter filter approach could be jntegrated in the release bursl imaging method.
Therefore, the high ATR, i.e., sensitivity, of the proposed contrast imaging method is a result
of the successful synergy of optimal contrast agent detection and the ability to suppress moving
tissue clutter,
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CHAPTER 6

Ultrasound contrast imaging: Current
and new methods

Abstract

For 10 years, i was thought thal wlivasound contrast agents could be sufficiently detected and
imaged with the conventional imaging fechnigues, currently referred lo as fundamental imaoging.
However, it appeared that fundamentel imoeging was nol sensilive enough to deteet the contrast
agends in the presence of lissue. New dmeging techniques thol are based on specific properties,
like nonkinear and lronsient scotfer choracteristics, proved o be wmore sensitive.  Ultrasound
contrust tmaging moedalities used today are, fundemental dmaging, second harmonie imaoging,
harmonic power Doppler tmaging and pulse inversion fmaging. Sccond harmonic tmaging is
still mot optimal for perfusion imaging applications. However, in combination with Doppler
techniques such as power Doppler, it is one of the mast sensitive techniques currenily avail-
wble, New modalities like release burst and subharmonic tmeging are emerging. Nevertheless,
a complete wnderstanding of the ulirasound-contrast agent interaction is essendial for furiher
improvements of current detection methods, and the development of new imaging techniques.

Based on the manuseript: “Ulirasound contrast imaging: Current and new methods” by Peter J A, Frinking,
Ayache Bouakas, Jobau Kirkhorn, Folkert J. ien Cate and Nico de Jong. Submitted for publication.
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6.1 Introduction

The diagnostic applications of ultraseund imaging have been expanded enormonsly for the last
decades. Tt has heen recognized as a well-established diagnostic technique for clinical decision
making. Significant improvements in cquipment have contributed to the understanding of
anatomy and function of different organs. With the introduction of reai-time two-dimensional
(2D)) imaging, different anatomical stractures in the body could be imaged non-invasively.
Also, blood flow measurements in large vessels and the heart hecame feasible using nltrasound
Doppler technigues. Nevertheless, new applications as well as Lechnological innovations are
continuously being developed. Real-time three-dimensional imaging, for example, provides
volumelric information rather than cross-sectional information like obtained with conventional
21 imaging. Additionally, with the utilization of ultrasound contrast agents, perfusion iimaging
of the myocardinm or tumors has become feasible, and provides meaninglul physiclogical and
pathological information for clinical decision making.

Ulirasound contrast agents

In 1989, Ophir and Parker! gave a summary of the use of ultrasound contrast agents (UCA)
in medical imaging. Five types ol agents with different physical propertics were classified,
viz., free gas bubbles, cuicapsnlated gas bubbles, colloidal suspensions, emulsions and aqueous
solutions. In those days, it was a main challenge to preduce small microbubbles which could
pass through the lung capillary circulation, and were stable enough to reach the lelt heart
after an intravenous injection. Currently, most of the contrast agents reach the left venlricle
cavity ol the Leart, and are based on free gas hubbles or are stabilized by encapsulation to
avold rapid disappearance. They are either aiv filled or contain gases which dissolve poorly in
the blood, and have mean diameters smaller than 7pm. More than ten agents are curvently
under investigation and tested in clinical trials (table 1.1). However, there are only three
transpulmonary agents commercially available, viz., Levovist® (Schering AG, Berlin, Germuany ),
Albunex® and Optison™ {Mallinckrodt, St. Louis, USA).

Ulfrasound-contrast agent interaction

When a gas bubble is it by an ultrasound wave 1t generates two kinds of vesponses. First, the
wave will be reflected at the surface of the bubble because of the large difference in acoustic
impedance hetween the surronuding medinm and the gas ingide the bubhle. Move importantly
i, however, that when the bubble size is much smaller than the wavelength of the ulirasound
wave, it s forced into volume pulsation (for a 3 MHz uttrasound wave, the wavelength in water
is 0.5 mm). In the simpiest situation, the size of 1he hubble decreases in the positive half-cycle of
the ultrasound wave, and the bubble expands in the negative half-cycle. The volume pulsation
of the bubble is frequency dependent and shows a clear maximum at a specilic frequency. This
is referred to as the resonance frequency, which is inversely related to the bubble size®. The
resonance phenomenon is an lmportant effect, since a resonating bubble hehaves as a source of
sound rather than a passive reflector and, therefore, yields an enhancement of the backscatter
signal, '
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The response of & gas bubble to an ultrasound wave depends an the acoustic pressure
amplitude and can be divided into three regimes. For small amplifudes of the uliragsound
wave, the relative compression and expansion of the hubble are the same and, therefore, the
bubble size is linearly related to the applied acoustic pressure. For higher amplitudes, howcever,
compression generally retards relative to expansion and non-linearity cccurs. Consequently, the
biibble size is not lincarly related to the applied acoustic pressme®, and the bubble vibration
contains second and hgher multiples of the transmitied [requency. In this way, the backscatier
signal from the bubble does not only contain the fundamental (transmitted) frequency, but also
harmnouic [requencies, most notably at twice the fundamental frecuency. This ‘reflection’ cffect
is not shown by tissue and, thevefore, it offers the possibility to separate the response of the
bubble front that of surrounding tissue.

If the amplitude of the acoustic wave is increased nore, the scattering level of most of
the contrast agents increases abruptly for a short time. This has been associated with hubble
rupture and release of [ree gas bubbles (chapter 3). The irveversible eflect is transicut and lasts
until the released free gas bubbles are dissolved in the surrounding Hquid at a rate that depends
on the type of gas and its dissolvability in the liguid. Furthermore, the scaltered signal hbecomes
highly nonlincar.

In this chapter, an overview is given of ultrasound contrast hmaging methods that are
currently available or under investigation. They all utilize one of the bubble signatures that are
demonstrated in one of the regimes of the bubble response. Specific propertics of each method
are crnphasized, and are given from a technical point of view, illustrated with some clinical
examples. The [ollowing methods are described:

e [Mindamental B-mode imaging

Harmounic B-rode imaging

e Harmonic power Doppler imaging
e Pulse inversion imaging
e Rclease binst imaging

Subbarmonic imaging.

6.2 Fundamental B-mode imaging

, 1t was thought that it would be sufficient to delect and image
them with conventional imaging methods, currently veferved to as fimdamental imaging. In
this mode, UCA simply enhance the backscatter signal, which is demonstiated hy an increase
in grey-seale level (figure 6.1A). This has been employed in combination with conventional
2D B-mode imaging fo create hmages ol greater clarity. For example, left venlricular opaci-
fication improves endocardial border delection, which results in a better assessment of wall
motion abnormalities. However, for the myocardinm, the ratio of blood volume and tissue is
approximately 10%,. Consequently, for concentrations used in clinical studics the increase in

With the introduction of UCA,
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scattering from UCA in the myocardinm will only be several d3s. Therefore, fundamental
B-mode imaging results in poor coutrast agent detectability in the presence of tissue, generally
expressed as agemi-to-tissue ratio,

Mare recently, it appeared that for high acoustic amplitudes (high mechanical index) tran-
sient enlianced scattering may occur {chapter 3). The amplitude of the ultrasound wave is
indicated on nlirasovud scanners by the mechanical index (M1}, which is defined as the ratio
of the peak negative pressure, in M, and the square root of the frequency, in MHz* In
conventional B-mode imaging, the enhanced scallering may be visualized as bright echogenic
areas (figure 3.1). Although the increase in echogenicity can be substantial, in hvperechoic
regions or very small vessels where the nmmber of bubbles is low, e.g. the myocardium, cchoes
[rom smrounding tissue ean easily mask this increased echogenicity.

The transient enhanced scattering effeet is most effective when the wltrasound wave hits
the Lubbles for the first time. This has resulted to the development of triggered imaging®
as a new moedality. In the triggered mode, single scans are made at vegular time intervals
{c.p. 0.3=1 Hz), resulting i an increased cfficacy of the agent. However, ultrasound imaging
looses ity real-time character in this mode. This is not only limited fo fundamental imaging
but applies to all contrast imaging methods that use the transient characteristic of UCA.

TFigure 6.1  Apical four chaember view of a human hearl afler en iniravenous administration of Levowist®.
(A) Pundamentel imaging, i.e., trensmitling ond veceiving at § MHz. (B) Scecond harmonic B-mode imaging,
ving ol 3.6 MHz.

e, transmdtting at 1.8 MHz and vecei

6.3 Harmonic B-mode imaging

New imaging techniques are continuously being developed awd are based on contrast agent
specific propertics. By utilizing these properties, it is possible to detect UCA in tissue, even
if the fundamental backscatter component is low compared to the scatiering of surrounding
tissue. Second harmonic (B-mode) imaging is a method where the ultrasound system separates
the harmonic part of the received signal [vom the [undamental part and then processes the
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harmonic signal alone. In lignre 6.1, fundamental (A} and second harmonic (B) are shown
after an intravenous injection of Levovist®, In the second harmonic mode, a complete and
homogenecus opacification of the left veniricle cavity was obtained.

To increase the sensitivity of the system in detecting the agent, the spectral overlap between
the fundamental and harmonic parts has to be reduced (figure 6.2), This is achieved by trans-
mitling narrow-hand signals, whicl, in turn, deteriorates the lmaging resolution. Conscquently,
syslem optimization consists of finding the most, optimal balance between these twe aspects,
and genevally is called the contrasi. detectability and imaging resolution trade-off.

b
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Figure 6.2  Ouverlop between transmil (fo) ond reecive (2f3) passbands (davk grey area) results in o vesidual

sigmal of the fundomentel fmage in the fillered harmonic image.

For ultrasound waves transmitted at high acoustic pressures, slight non-linearitics in sovud
propagation through tissue occur that gradually deform the shape of the waves (gure 6.34)°%
As a result, harmonic [requencics are generated, which were not present in the transmitted
wave close to the transducer (figure 6.3B). The harmonic [requencies will lincarly he veflected
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Figure 6.3 Simulation results for a propagating ultvesownd wove transmitted by o focused single element
trunsducer. (A) Chonge of shape of the wlirasound wave oy it propageies trough woter at 0.2 em (—— J, and
8 e {-—---) from the transducer. (B) Corresponding (novmelized) spectro. The aperture of the transducer wos

28 wun, the focus was at 75 mm, the frequency was 2.5 MHz ond the peak negative pressure was 100 kPa.
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Figure 6.4 Same simulation as wsed for figure 6.5, (A) Novmnolized owiol beam profile of the fundamental
{(— ) and second harmonic (-----) beam. (B} Normolized Interal beam. profile of the fundamenial (—— ) wnd

second harmonic (-----} beamn at the focus.

by surrounding tissue and, therelore, can mask the nonlinear response from UCA. Consequently,
all imaging methods that exploit harmonic lltering for improved contrast agent deteetion are
obscured by a residual tissue component due to nonlinear propagation. Therefore, the maximal
obtainable agent-to-tissue ratic is limited for these methods.

Although Larmonic imaging was originally developed for UCA, it turned out that also with-
oul UCA the image quality improved considerably compared with fundaniental imaging. This is
generally called ‘mative harmonic’ or ‘tissue harmonic’ imaging to dissinguish it from harmonics
generated by UCA. There are two aspecis that are critical for the improvement of tissue Liar-
monic imaging’, First, harmonic frequencies are absent at the transducer face and they buikl
up progressively. Consequently, there is hardly any harmonic energy in the near field, and most
of the harmonics develop beyond the chest wall (figure 6.4A). Therefore, sclective display of the
harmonic frequency will show less near-field artifacts. Sccondly, the harmonic compouent has

Figure 6.5 Apical four chamber view of the human heart. RV=right ventricle; LV=lefl ventricle; RA=right
atriwm; LA=left atvium, (A) Fundomentol broging, 4.e., transwmitiing ond veceiving ol 3MIlz. (B} Tissue

hormenic imeging, i.e., trensmitting af 1.8 MHz and receiving of 5.0 MHz
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a quadratic relatiouship to the [undamental one. Thus, most of the harmonic energy originates
from the strongest part ol the beam, whereas the weaker parts of the beam, ¢.e., side lobes
and grating lobes, give rise to a small contribution (figure 6.4B). Since side lobes and grating
lobes are sources of noise and artifacts, selective harmonic immaging improves the signal-to-noise
ratio, and thus results in cleaner images. Another consequence of the quadratic relationship
between the harmonic and tundamental components is that the lateral beam width is narrower
for the second harmonic beam than for the fundamental beam (fignre 6.48). This translates in
a better lateral resolution of the second harmonic image compared to the fundamental iimage.

The alorementioned improvements explain why, for example, a better endocardial border
definition can he obtained in harmonic mode. This is described by IKasprzak et al.®, and shown
in figures 6G.5A and B.

6.4 Harmonic power Doppler imaging

With conventional ultrasound Doppler imaging, blood velocity can be measured by tracking
scattering objects in a region of interest. Unlike conventional Doppler, power Doppler docs
not provide information about the divection of the fow butl instead displays the power of the
Doppler signal (figure 6.6). This has proven to be a more sensitive method in terms of signal-
to-noise-ratio and low flow detectability®. With the addition of a contrast agent, the signals
received from blood containing contrast are enhanced and the detectability of low from small
vessels is increased further. However, since most of the Doppler techmiques are multi-pulse
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Figure 6.6 D‘i(ﬁ_(,;:"{lm. showing the advantage of power Doppler over color Doppler (velocily mode)”. In the
power Doppler mode, the power of the Doppler signul is displayed instead of frequency. Consequently, noise from
the Doppler receiver at high gain settings is mapped to o single color instead of many colors as in the velocity
mode, resulting in an effective increase of the dynomic range. The ‘tissue’ signoel overlapping the ‘blood’ signal

causes o flash artifact.
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techniques, i.e., a packet of pulses is transmitted in a given line of sight, they are susceptible
to tissue motion which is not eminent in B-mode imaging. Tissue motion generates Doppler
signals (clutter) that ean be even stronger than the contrast-enhanced signals with the same
Doppler shilt [requencies as the signals from blood. This results in a flash artifact, which is
a severe problem in Doppler applications. The fash artifact or clutter can be reduced by the
combination with second harmaonic filtering. This makes harmonic power Doppler an effective
tool for the detection of flow in the small vessels of organs, which may be moving with cardiac
pulsation or respiration. It is currently considered as one of the most sensitive techniques
available in terms of agent-to-tissue ratio.

Another application of Doppler imaging in combination with UCA arises for ultrasound
waves transmitted at a high ML Every time a pulse (in the same dircction) is transmitted,
transient enhanced scattering oceurs, i.e., the contrast agent is disrupted or modified. In this
way, changes in the scattering of the contrast agent arve induced. This effect can be detected
very accurately since Doppler is sensitive to changes between backscatter signals [rom successive
pulses.

Figure 6.7 2-chamber view of a patient with an infevior infarction after thrombolysis. (A) Harmonic power
Dappler imaging, triggercd every heartbeat. (B) Harmonde power Doppler tmaging, triggered every fifth heartbeat,

An example of a harmonic power Doppler study performed on a patient is given in
figure 6.7, where a constant intravenous infusion of Levovist® was administered. By changing
the triggering interval from every heartbeat (figure 6.7A) to every filth heartheat
(figure 6.7B), the myocardium appears to be enhanced. This is explained hy the low [ow
rate in the myocardium. The reappearance rate of the contrast agent provides a measure ol the
mean myocardial bload velocity, and is sometimes called ‘microbubble destruction/reperfusion
method™'?. By changing the trigger interval from 1 every heart beal to 1 every 5 heart beats,
flash ccho artifacts can be excluded, and the enhanced area in the image may be an indication
of myocardial perfusion.
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6.5 Pulse inversion imaging

The limited bandwidth of current transducers forces the transmit bandwidth to be narrow
to minimize the spectrai overlap between the [undamental and second harmonic parts of ihe
recetved spectram (see figure 6.2). A new (echnicue, cafled pulse inversion, has been developed
and largely overcomes the contrasi detectability and imaging resclution trade-off'*. In pulse
inversion imaging, a scquence of two ultrasound waves is transmilled into tissue (fignre 6.8).
The second wave is transmitted after a suitable delay and is an inverted replica of the first
wave, For a lincar medivm, the response of the sccond wave is an inverted copy of the response
[rom the first wave and the smun of the two responses is sero. For a nonlinear systeimn, e.g. gas
bubbles, the responses will not be inverted copies. The sum is uot zero and the rest value is
related to the degree of non-linearity. The main advantage of puise inversion over harmonic
Liaging and harmonic power Doppler imaging is that it can function over the entive handwidth
of the received echo signal and, therefore, achieves superior imaging resolution. It has been
shown that pulse inversion imaging can he performed at low MI, prolonging the lifetime of the
contrast agent and perhaps obvialing ihe need [or intermittent imaging®®. In radiology, where
coutinous imaging is commen, the method has improved the image quality substantially.

[ncident pulse Lirear echo Nonlincar ccho

3) SUM

Figure 6.8 Principle of pulse invevsion imaging' . 1} An acoustic pulse is iransmitted and echoes from Unear
and nonbinear scotierers are detected. 2} An dnverted copy of the same pulse is lransmitted and echoes ave

detected again. When the fwo cohoes are added, only the nonlinesr echoes ure velained.
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Nevertheless, pulse inversion is susceptible 10 motion since it is a multi-pulse technique. This
implies that the method is less suitable for cardiology. Therefore, pulse inversion delection
and Doppler detection have been combimed info one technique called pulse inversion Doppler,
This technique expleits the advantages of both detection schemes, which means that more
than 2 pulses are transmitted and special Doppler filters are applied Lo remove tissue motiow.
However, nonlinear propagation effects still limit the maximal obtainable agent-to-tissue ratio.

Figure 6.9 Fwample of puise inversion imaging of e hwnen Heer with o hepocellular corcinoma’™.

{A) Buscline recovding. (B) After Optison™™ has been odministered.  The dmages were vecorded in contine-

ous mode (Courtesy: F. Movigasw, Kyote University, Jopan).

An example of pulse-inversion imaging is showw in figure 6.9". Figure 6.9A shows a haseline
recording of the liver of a patient with a hepacellular carcinoma (HCC). Aller the administration
of Optison™, a tortuous and rvegular, byper-vascular patiern appears penetrating to the
ceutral arvea of the tumor, which ¢an be an indication of a malignant tuor (figure 6.9B).
Additionally, malignant tumors often show a pulsatile blood flow because it is supplied by
the hepatic artery, In contrast, a benign tumor will show a vegular vascular structure with a
steady regular blood llow, Therefore, continuous high-resolution contrast iinaging, i.e., a high
temporal and spatial resolution, is of great diagnostic value in tumor imaging applications.

6.6 Release burst imaging

Release hurst imagiug s a novel contrast imaging approach that optimally employs the trausient
characteristic of UCAL 1t is based on a combination of multiple high [requency, broadband-
detection pulses and a separate release burst. The detection puises are used lo survey the
target before and after transient enhanced scattering, which is forced hy the release burse. Tn
this way, both processes, i.e., imaging and transient enhanced scattering, can be optimized
separately. Therelore, Lhis method circumvents the need to sacrifice cither confrast sensitivity
or imaging resolution {chapter 4). The presence of the contrast agent is simply detected by
correlating or subtracting the signal responses [rom the detection pulses, DBecause the (imne-
interval hetween the two detection pulses is minimal (approximately 200-400 g, depending on
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20
dB

Figure 6.10 Tn vive vesult of release burst imaging. Left panel: B-mede image with region of interest (ROT)
for orvienlotion. Middle panel: the processed velease burst data is super imposed on the B-mode image. Right
panel: power profile of the processed release burst dalo corvesponding to the dushed ved line in the left and middle
panels. (A) Baseline recording withoul Levovist® and with release burst; (B) with Levovist® and with release

burst; (C) with Levouisi® and without release burst.
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the scan depth, size of the region cte.), the subtraction of the radio frequency (BRI} data can be
perlormed in real-time, and is less exposed to acquisition instabilitics. Tn dynamic situatious,
this new method can be combined with a processing scheme Lo suppress clutter similar to those
used in ultrasound Doppler {chapter 5).

In figure 6.10, the first experimental i vivo release hurst images ave presented. Digital RF
data were recorded with a System Five ultrasound scanner (GE Vingmed Ultrasound, Horlen,
Norway} with a customised soltware version. All the data was processed and visualized ofl-line
using Matlab® (The Mathworks Ine., Natick, USA). Triggered imaging was used at the end-
diastolic phase of the heart cyele every third beat. Figure 6.10A shows the baseline recording
before Levovist®was administered. The left panel shows the B-mode image for orientation
with the ‘release burst sector’ or vegion of interest (ROI) indicated in blue. The quality of
the B-mode image was suboptimal hecause the transmitted pulses were designed such that as
little as possible of the contrast agent was distupted hy the B-mode scan. The middle panel
shows the processed release burst data superimposed on the B-mode image. The right panel
shows the pewer profile of the processed retease Inust dafa, corresponding to the cross-section
as indicated by the dashed red line in the left and middle panels. Blooming artifacts may be
exclidled by using the additional information provided by the power profile, The baseline image
shows that gain seltings and clutter filtering were sufficient Lo suppress moest of the motion of
the miyocardinm. The remaining signals from the left ventricle cavity were due to high blood
flow velocities.

During infusion of Levovist® (figure 6.1003), a ¢lear opacification of the left ventricular (LV)
cavity, and a part of the right ventricle (R¥), was obtained. Especiaily at the interventricular
seprum (IVS), the LV cavity was clearly delineated. Tn this example, it is more emphasized
because of the poor quality of the B-mode image. Additicnally, an enhancement of the IVS was
obtained, which is confirmed by the power profiles in figures A and B, and was approximately
10-15 dI3.

Great care needs to be considered, however, to interpret the enhancement of the IVS as
perfusion. Like with power Doppler, release st lmaging is a multi-pulse technique sinee a
mmber of pulses are transmitted in a given line of sight. Therelore, motion artifacts originating
from 1noving lissue can be interpreted as signals originating from contrast (flask artifact).
However, a powerful utility of release bhurst imaging is that the release burst can instantancously
be switched on and off. The release hurst modifies the UCA, which only occurs in a vegion
where the contrast agent is present. Therefore, blooming and Hash artifacts from clutter can
be diseriminated from real contrast enhanced signals. By displaying the images obtained in the
release burst ‘on’ and ‘off’ mode simultaneously in a dual image mode, contrast rich arcas can
be acewrately depicted. Figure 6.10C shows an exainple where the release hurst was switched
ofl, which is actually similar to power Doppler imaging at low ML Indeed, the RV is loss
apacified and the TVS is hardly enhauced. The residual signals may be due to motion artifacts
or contrast agent disruption by the detection pulses. The clear opacification of the LV is duc
to kigh hlood flow and agent disruption.

The increased agent-to-tissue ratio for release burst imaging 13 clearly demonstrated in
figure G.10, [t should be remarked, however, that the MI of the detection pulses was 0.4
At maximal MI, the agent-to-tissuc vatio for harmonic power Dopplor imaging obviously will
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arc transmitted

inerease. Nevertlicless, there are some limitations. Since a mumber of pulses
in a given line of sight, a high MI wiil result in a Ligh disruplion rate of the contrast agent.
Decreasing the number of pulses has a lower limit hecanse of clutter removal performances.
Additionally, in harmonic power Doppler, the sample volume, i.¢., the length of the transmitted
pulses, 18 generally increased to 3-0 cyeles to get a move efficient disruption of the contrast
agent (chapter 3). But this results in a degradation of the imaging vesclution. Therefore, with
harmonic power Doppler, a compromise hetween contrast sensitivity and imaging resolution has
Lo be made. With release hurst imaging, the release burst and imaging pulses are separated
and, consequently, will be less susceptible for this trade-off,

Release st imaging is very sensitive for UCA detection in fundamental mode and, there-
fore, nonlinear propagation cffects do not limit the maximum obtainable agent-to-tissue ratio.
However, dne to the distuption of UCA, it has to operate in an intermittent way, like all imaging
methods that rely ou Lubble disruption. In the intermittent mode, ultrasound imaging looses
its real-time character, which can make it difficult to determine the position ol the scanning
plane. Neverthieless, a combination of continueus imaging and release hurst imaging can be
implemented. Real-tine imaging can be displayed on one part of the monitor, while the infor-
mation of contrast rich areas will be updated alter every scan of release bursts and displayed
on another part of the monitor, like with fiash echo imaging'”.

6.7 Subharmonic imaging

The Larmoenic nature of oscillating gas bubbles has been exploited extensively with second
harmnonic imaging applications, like harmonic B-mode, harmonic power Doppler and pulse in-
version. Nevertheless, new opportunities arise by exploiting the subharmonic comnponent ol an
oscillating gas bubble. Under specific conditions, gas bubbles generale subliarmonics, which
occur at half the transmitted frequency. A potential advantage of sublarmonic imaging is
that, unlike with (second} harmonic imaging, the contribution of tissue is minimal at aconstic
prossures currently used in diagnostic ullrasounnd, which will result in a Ligh agent-to-tissue
ratiol. Several investigators have described the possibility of subharmonic imaging for ulira-
sound contrast agents'™'® Recently, Shi ot al.!?, deseribed the implementation of subharmonic
imaging in a ultrasound scanner and showed in vivo limages.

According to theory, the onsel ol subharmonic scaltering for a free gas bubbic depends on
the (ransmitled frequency and the applicd acoustic pressure™. The acoustic pressure for the
onsel is minimal al twice the resonance frequeney of the gas bubble. Additionally, narrow band
signals are needed because the generated subharmonic commponents will be more dominant when
the mnber of periods inerease.

Figure 6.11 shows the scaticr spectrum for SonoVue™ (Bracco Research S.AL, Geneva,
Switzerland), Apart from the transmitted (fundamental) and second harmonic components at
3.5 MHz and 7 MHy, respectively, the subharmonic and ultraharmoenic components are clearly
preseni al 175 MHz and 5.25 Mz, respectively. The measurement was not corrected for the
sensilivity ol the receiving transducer. Sinee the receiving transducer is less sensitive at the
subharmonic component than at the sccond harmonic component, it can be expected that the
corrected subliarmonic component will be equal or higher than the second harmonic component.
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Figure 6.11  Scotier spectrum of SonoVue™, showing the fundomental, second harmonic, subharmonic and
wltreharmonic components.  The transmit buist hod o frequency of 3.5 MHz, 40 cycles and o peak negative

pressure of 75 EPa.

The subharmonic signals in the received cchoes can be extracted using Gitering techniques like
with second barmonie imaging. This gives sublarmonic imaging a greal potential. On the
other hand, the narrow band chiaracter, necessary lor optimal generation of subharmonics, will
Jimit the hnaging resolution.

The application of subharonic imaging is cmrently at its infancy. The development. of a
new transducer design and imaging strategy will be essential to optimally exploit the advantages
of subharmonic imaging.

6.8 Conclusions

Ultrasound contrast agents have unique signatures, which differ from surrounding tissue. Imag-
ing methods like harmonic imaging, harmonic power Doppler imaging and pulse lnversion itmag-
ing have improved the image quality of ultrasound contrast imaging considerably. New methods
like velease burst imaging and sublharmonic imaging are heing developed, and have to prove
their additional value for ultrasound contrast imaging in the future. For further improvements
of the cirrent imaging methods and for the development of the new techniques, a complete
understanding of the nltrasound-contrast agent interaction is essential. Lt is expected that
new technical improvements will cause a further step forward in nltrasowd contrast imaging,
For example, specific machine scttings and detection methods for diffevent agents, i.¢., agent
specific imaging templates, will prohably be available on [uture wltrasound scanners,
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CHAPTER 7

Non-invasive pressure measurement in
a fluid filled cavity

Abstract

A new method for noen-inoasive pressure measurement, based on the disappearance time of
micren-sized free gos bubbles, is described in (his chapler. An ullrasound contrast agent, con-
sisting of encapsuloted gos hubbles, was used os w vehicle Lo fransport the free gas bubbles to the
desired region where the pressure was measured. The small free gas bubbles were generated at
the region of interest, from the encopsulated gus bubbles, which ruptured when they were exposed
to o single tow frequency (0.5 MHz), high aconstic amplitude wltrasound burst. The released gas
bubbles persisted for only « few milliseconds ond dissolved in the liguid, depending on their size,
the gas, the lguwid chareeteristics and ambient porameters like temperature, gas concenlralion
and pressure. A pressure diseppearance-time relationship was determined using o sequence of
high frequency (10 MHz), low acoustic amplitude uitrasound pulses. From in witro experiments,
reproducible results show a significant difference between the diseppearance time of the bubbles
as « function of the local pressure, resulting in o quicker disappearance of the bubble for higher
values of the local pressure. The sensilivily of the method Lo small pressure changes (50 mmHy)
15 demonstraled.

Based on the publication: “Nen-invasive measurement of the hydrostatic pressure in a fuid filled cavity
based on the disappearance time of micren-sised free gas bubbles”™ by Ayache Bonakax, Peter J.A. Frinking,
Nico de Jong and Nicolaas Bom. Ullrasound in Medicine and Diolegy, vel. 24, ne. 9, pp. 1407-1415, 1999

a7



98 CHAPTER 7. NON-INVASIVE PRESSURE MEASUREMENT

7.1 Introduction

Blood pressure measurement in, for example, hcart cavities and the peripheral vascular sys-
tem, are important because they provide essential information concerning the state of health
of this organ, and help the physician to determine the functional integrity of the cardiovascular
system. Currently, pressure measurements are mainly performed by cathicterization, consisting
of a pressure-sensing catheter that is inserted into the heart chamber, or by Doppler echocar-
diography using the simplificd Bernonlli equation’. The first method is accompanied by the
disadvantages of ereating pain and risk of infection. The second, non-invasive method does not
provide reliable or reproducible blood pressure values?. Neither of the methods has found wide
acceptance, and there are reports of substantial discrepancies hetween Doppler and catheleri-
zation meastements®. The complications involved and the conflicting resuits were the basis for
the development of many alternative indirect non-invasive methods for blood pressure monitors.
Most of the measuring techniques described in the literature are based on the interaction of
ultrasound waves with individual gas bubbles. Due to the high compressibility of gas, the size
of the gas bubble changes as a function of the local hydrostatic pressure. This change in size
affects the acoustic characteristics of the gas bubble, such as resonance frequency, scattering
and attenuation cross-section. Therefore, the pressure can be derived from these acoustic char-
acteristies by injecting fluid-containing gas bubbles of uniform and knowu size nto the organ
in which the blood pressure is to be measured.

The majority of the techniques described in the literature concern the shift in resonance
frequency as a function of the pressure variation®™ 7. These melhods present, neveriheless,
limitations, such as the sensitivity to measwre small pressure variations. Also, these technigues
were, ab that time, limited because small stable microbubbles (< 10 gun) of uniform size were
diflicult to produce. Shankar et al.® however, suggested a double [requency technique as an
accurate melhod for bubble size measurements. The change in bubble size is related to the
change in hydrostatic pressure, and they showed that, with this method they were able to
measure pressure differences ranging from 20 to 100 mmHg.

Hok® gave an extension of Fairbank’s technique. Instead of using the bubble resonance
frequency, he suggested using the echo amplitude from a single bubble. This is accomplished
by means of modulation of the ambient pressure. Neveriheless, the main problem was to
measure accurately the echo amplitude changes. Other factors that infiluence the acowracy are
the magnitude of pressure changes {sensitivity) and the scattering from surrounding tissues
(noise}. The errors obtained in n witre cxperiments exceeded 30%.

Miwa!? proposed a different approach. Small gas bubbles were generated through cavitation
by applying low-frequency ulirasonic waves. The generated gas bubbles were then detected by
using high-frequency ultrasonic waves. The eritical acoustic pressure for generating the gas
Labbles is a function of the ambient pressure. However, the sensitivity of this method was low,
especially for small prossure changes,

Recently, Shi et al.ltt showed that the amplitude of sub-harmenic signals generated by
microbubbles, is strongly dependent on the local pressure, and suggested that this phenomenon
can be used for non-imvasive delermination of the local pressure.

[n this chapter, a novel method for non-invasive measurement of the hydrostalic pressure is
proposed. The technique involves injection of shell-encapsulated gas bubbles into the circulatory
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system. By transmitting a low-lrequency, high-amplitude ultrasound burst, the encapsulated
bubbles rupture and free gas hubbles are released {chapter 3} into the vegion where the local
pressune is to be measured. The disappearance time of the released free gas bubbles is measured
as a fuuction of the local pressure by using a sequence of high-frequency, low-amplitude ultra-
sound pulses. Experiments and theoretical models validate this new method and the results
are compared to methods employing the resonance requency shift.

7.2 Bubble characteristics as a function of local pressure

Bubble size

The scattering cross-section of a gas bubble is defined as the power scattored by the bubble
divided by the incident acoustic intensity and, thercfore, it expresses the scatter elficiency of the
bubble. In ultrasound contrast imaging, this scatter efficiency is translated inte the echopgenicity
of the contrast agent. Becausc the scallering cross-section is a [unction of the hubble radius,
the cchogenicity is likewise. Tn witro and in vive studics have demonstrated an accelerated
shrinkage of microbubbles under increased local pressures'™!®. As a result, contrast agents
demonstarte a decrease of the refleetivity for local pressures similar Lo those produced within
the heart chambers. The influence of the local pressure on the contrasi echogenicity, alter an
intravenous injection ol nltrasound coutrast agents, has been reported in various paperst®! 418,

100 [ S
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Figure 7.1 The relative vadius of o 3-pm free-aiv dubble, ——, and o 3-pm Quantison™ bubble, - , as o

Function of the relative change in local pressure.

Bing et al.'"® and Bouakax et al.'’ have given analytical expressions that demonstrate the
chiange of bubble radius as a function of the local pressure. The solid line in figure 7.1 shows the
rading of a 3-pun air bubble at different values of the local pressure. The resnlts are presented
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as the ratio of the radius to the initial radius, 2/ R,, plotted against the vatio of the change in
local pressure to the initial local pressure, AP/F,. The bubble shows a decrease of its sine when
the local pressure increases. According to Medwin!®, the difference in scattering cross-section is
less than 1 dB for an air hubble with a diameter of 3 gm and a pressure difference of 200 mmHg.
Therefore, non-invasive pressure measurement techniques based on the change in echogenicity,
which is related to the scattering cross-section, are not very sensitive. For encapsulated gas
bibbles, the effect of overpressure is even less. The dotted line in figure 7.1 represents the
result, for a 3-pm Quantison™ (Quadrant, Nottingham, UK) Lubble, where a correction has
been applied for the presence of the shell. Due to the shell, the Quantison™ bubbles are
less compressible compared to free gas bublbles. For hydrostatic pressures up to twice the
atmospheric pressure, the change i radius is less than 0.5%. Additionally, figure 7.2 shows the
insensitivity of Quaniison™ to overpressure, which makes it an excellent pressure-independent
carrier for free gag bubbles.

Figure 7.2 Microscopic view of diluted Quantison™ (maegnificetion of 500 ), Lefi panel: jusi before applying

an overpressure of 100 mmHy, Right ponel: 60 sceonds ofter applying on everpressure of 100 wmmHy,

Resonance frequency shift

de Jong et al.'¥, have shown that for an ideal gas, at slow prossure and volnme changes the
resomnance frequency of a gas bubble depends on the local pressure according to;

Af  BAP (7.1)
== . 7.
Afi' 6 YJU
whore
Af = frequency change
I == pegonance requency
AP = pressure change

o = ambient pressure.
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From equation (7.1), it can be seen that the shift in resonance frequency due to a varialion
in pressurc is linearly related to the relative pressure chiange. For an air bubble with a radius
of 3 pm and an overpressure of 200 mmHg, the shift in resonance frequency is about 0.6 MHz.
However, in praciice, a distribution of bubbles is used resulting in a wide resonance peak, This
will, in turn, decrease the resolution of the method. In addition, for encapsulated bubbles,
a resonance peak is havdly detectable hecause of the increased stiffness of the microspheres
cansed by the prosence of the shiell. However, Holl et al.? showed, by means of the attenuation
spoctra, that, for Sonazoid "™ (Nycomed Amershan, Oslo, Norway), which consists of particles
containing perfluorcarbon gas encapsulated in a surfactant membrane, an increase in resonance
trequency could be detected when the agent was exposed to a hydrostalic overpressure.

Disappearance time of gaseous microbubbles

The disappearance time of gaseous microbubbles is mainly infleenced by gas diflusion and
surface tension. Tt has been demonstrated by Epstein and Plesset® and de Jong et al.' that
spherical air hubbles with radii of 10 pm complelely disappear in 6 seconds in gas-salurated
waler al room temperature and ambient pressure. The bubbles disappear through gas diflusion
due £o pressure clevation caused by surface tension.

To study the effect of overpressure on the disappearance time of gas bubbles, a differ-
ential cquation, describing the change of bubble vadins as a function ol time, was derived.
This equation is based on equation {13) of Epstein and Plesset? and equation (3.4) given in
chapter 3: -

[ : o

o (et m s (l+—1 ) (7.2)
dt L+ 572 R /rDt

where

R = rading of the bubble

A = timc

D = diffusion cocfficient

L = Ostwald coefficient

;) = ratio ol the dissolved gas concentration to the saturation concentration

o = surface tension

Py = DVEIPressure,

This cquation shows that the disappearance time of gas bubbles is related to the local
pressure. Henee, the gas bubbles disappear more guickly when the mnedinm is under pressuare.
For example, for an air bubble with a diameter of 3 gm, the disappearance time with and
without an overpressure of 200 mmHg is 25.1 and 33.8 ms, respectively.
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7.3 Method and materials

The principle of the current approach is o use cncapsulated microspheres as vehicles for [vee
gas bublics. In this way, the gas bulibles ave stabilized and are, therefore, protocted against
dissolution in the surrounding liguid during their transport. The release of the free gas bubbles
is provoked by a low-frequency, high-amplitude ultrasound burst aller they arrive in the desired
region, which allows better coutrol of the bubble characteristics. The variation in local pressure
s deduced frem the disappearance time of the released free gas babbles, measured by the
scattering responses of a sequence of high-lrequency, low-amplitude pulses.

The scattering of encapsulated gas bubbles {Quantison™) at moderate and high acoustic
pressures are deseribed in detail in chapter 2 and 3, respectively. For acoustic pressures below a
threshold, the bubbles act as encapsulaled gas Dubbles and are stable linear or nonlinear scat-
terers, depending on the applied acoustic pressure. For acoustic pressures alove the threshold,
the bubbles rupture and release the contained pas, subsequently acting as [ree gas bubbles. This
explanation was investigated experimentally and evaluated by theoreiical madels. The results
were: a 15-20 dB increase in scatiering, the appearance of higher harmonics of the transmitfed
[requency and a finite duration of the effect. The finite duration is ascribed to the fact that
the released free gas bubbles persist ouly for few milliseconds.

Experimental setup and procedure

The experimental sctup is illustrated in figure 7.3. A 0.5-MITz single-element transducer (Pana-
metrics, Waltham, USA) focused at 75 mpm, with an aperture of 37 mm, was monnted in a
water tank. This low-frequency (LEF) lransducer was used to generate the [ree gas hubbles by
transmitting a high-amplitude ultrasound burst {duration=10 ps; acoustic pressure==1.6 MPa).

| alienuator i——)’r ENI I|;
¢ 0.5 MHz

"y

LF

10 ML

r AWCG H Panametrics ;———»
HF

E oscilioscope f——ﬁ, computer i sphygmomanometer

Figure 7.3 Block dingram of the instrumentation for producing the high scoustic omplitude low frequency

(LE) burst and the low acoustie amplitude high frequency (HF) pulses.
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The peak negalive aconstic pressures were measured with a calibrated hydrophone (PVDFZ4d-
0400, Specialty Engincering Associates, Soquel, USA). A sine wave burs(, 5 cycles, was gen-
eraled by an arbitrary wavelonn generator (LeCroy LW 420A. Chestong Ridge, USA) and
amplilied by a 60-dB Hnear power amplifier (A-500, ENI, Rochester, USA). The amplitude was
adjusted by a separate variable attenuator (355C/D, HP, Palo Alto, USA).

HE y

A
Y

0.0 ms

Figure 7.4 Diagram showing the synchronization of the LF and HTF signals.

The released gas bubbles were detected by a broad band (flat response within 3 dB between
1 and 10 Mz} single-element transducer, with a center frequency of 10M Hz (Panametrics), that
was nounted perperdicularly to the first transducer. The high-frequency (HE) transducer was
focused at 75 mm and had an aperture of 12 mm. Shovt, single-cycle, low-amplitude ultrasound
pulses {aconustic pressuee of 100 ki*a) were generated with a pulse-repetition interval (PRI} of
0.6 ms, to measire the evolution ol the generated fiee gas bubbles over time. Iignre 7.4 shows
a schematic representation of the time synchronization of the HE pulses and LT burst. Note
that the LT Tnust was switched on divectly after the first HE pulse. The responscs of the HI?
signals were received by a pulser/receiver (5052 PR, Panametrics) and conld be amplified from
—40 dB 1o +40 dB. The amplilied signal respouses were filtered (o minimize noise and avoid
aliasing and were digitized by a LeCrov 9400A (LeCroy) digital oscilloscope (100 MHz, 8 bits).
The signal responses were recovded over a time window of 10 ps, were sampled at 50 MTTz and
translerred to a personal computer for further analysis, The final results were averaged over
30 measurements.

The experiments were condicted at room temperature. The water tank was positioned over
a stirring device and was filled with Isoton® II (Coulier Electronies, Luton, UIK), which was
lelt standing overnight and, therefore, was air saturated. The ambient pressure was increased
from 0 to 200 mmHg in sleps of 50 mmnHg by using a sphygmomanometer. Quantison™ was
used at a dilution ol 1/4500, which correspands 1o 3.3% 10% microspheres per ml. The mean
cdiameter of Quaantison™is 3.2 fan and less than 0.5% of the bubbles are larger than 6 ym. The
size distribution is shown in figure 2.1
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7.4 Results and discussion

Free gas bubble release

Figure 7.5 llustrates the phenomenon of free gas bubble release from Quantison™ microspheres.
Tlhic selid lines represent the measured scattering (= scattering eross-section per unit volwine) of
Quantison™ i e, helore applying the LF burst. This curve shows the typical scatter spectrum
for Quansison"™ (chapter 2), which means that it shows no peak, and above 4 MHz, the
scattering is independent of frequency. The dotted line shows the scatlering dirvectly after
applying the LF burst, and represcuts the scatter spectrum of the released gas bubbles. The
maximum aronund 3.8 MHz indicates the resonanee frequency. From the two curves, an increase
ol 15 to 20 dB can Le noticed for the scattering of the releascd gas bubbles compared to the
scattering of Quantison™. This result is supported by simulating the scattering of free air
bubbles (figure 7.6A), that is obtained from linear theory according to Medwin'®. The best
fit. between theory and measurement is obtained by using the size distributicn given in fgure
7.6I3, which has a mean diameter of 1,95 an.

-20

[
=

Scattering [dB/cm]
£
=

n
=]

-60

2

4

&

o

Frequency fMHz|

Figure 7.5 Scellering os o function of frequency for Quantison™ ol ambient pressure. The solid line represents
the scallering before the LE burst. The dotted line vepresents the scallerving mensured divectly ofter the LF burst,

The dilution used was 1/4500 (3.5< 1 microspheres per mi).

Resonance frequency shift

Figure 7.7, lines a and b, show the scattering of the generated gas bubbles at ambient pressure
ancd al an overpressure of 200 mmllg, respectively. The simulated curves arve plotted in the
same figure, where a’ corresponds to the situation at ambient pressurve and b corresponds
to the sitnalion al an overpressure of 200 mmHg, Two phenomena can be noticed, wiz., a
decrease of the scattering and a shift of the resonance frequency towards a higher value. This is
supported by the resulis shown in figure 7.1 that, for an increase of the local pressure, the bithhle
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Figure 7.6 Sceftering vs. frequency for the released gas bubbles. (A): Erxperiment (—— ) and simulation

g the Lheorelical speclvium Lo the mensured spectrwm.

(-----). The size distribution (B) is obtained by filk

radius decreases. I'vomn the simulated results shown in figure 7.7, it can be concluded that an
overpressure of 200 mmHg leads to a decrease of maximum of the scattering of 0.75 dI3/cm and
to a shilt of the resonance frequency from 3.8 to 4.2 Mz (the resonance frequency is inversely
related to the radius). Howoever, a difference of 0.75 dB/em in scattering is usually smalicer
than the variation of the measured scattering itself.  Also, it may be diffienlt to acenrately
obtain small frequency shifts from the experimental results, especially for small changes of the
hydrostatic pressure. Therefore, measurements of the hydrostatic pressure based on changes in
scattering or firequency shifts are less sensitive.
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Figure 7.7 Sceftering vs. frequency for the released free gus bubbles af ambient presswre (o end ') and at
200 mnHy overpressure (b and 6°). The solid lines (a and b} show the measured spectra. The dotted lines

(o’ and 1) show the simulated speciro.
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Disappearance time of gaseous microbubbles

Figure 7.8\ shows a sequential representation of the scattered signal respouses from
Quantison™ and from Lhe released bubbles at ambient pressure. The fivst signal vesponse
is received from intact Quantison™ microspheres, i.e., before transmitting the LE burst, After
applying the LF burst, an increase of the scattered signal can be appreciated, in agreement
with figure 7.5. The amplitude of the scattered signals decreases as a function of time. This
is ascribed to the dissolution of the pas into the swrrounding liguid that, eventually, leads to
the digappearance of the released gas hubbles. The baseline scattering level, corresponding to
the scattering ol Quantison™!, &s veached in less than 30 s, which is indicated as the disap-
pearance time of the released gas bubbles. After applying an overpressure of 200 mmHg (fgure
7.8B), a faster decrease of the amplitude of the scaltered signals can he observed. This weans
that the free bubbles disappear more quickly. In this situation, the disappearance time of the
released gas bubbles is 15 ms.

Figure 7.9A and B (solid lines) show the measured energy (mean £ STD) within each: time
trace of the recorded sequences as a function of time, at. 0 mmHg and 200 mmHg overpressure,
respeclively. For an overpressure of 0 mmHg, the theoretical curve {dotted line in figure 7.94) at
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Figure 7.8 Sequential recording of the scotfered signols as function of lime ai ambient pressure (4) and at

800 mmHg overpressure (B).
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Figure 7.9  Scotiered encryy (mean £ STD) of the veleased air bubbles os a function of time al ambient pressure
{A) and at 200 mmHyg overpressure (B). The solid 1
dotted line represent the theoreticel volues obinined from FHanewr theory.

nes show the mean meosured enervgy of 30 recordings. The
qy i

t =0 s was caleulated by using the size distribution shown in figure 7.613. For an overpressure of
200 mmHg (dotted line i figure 7.9B), the initial size distribution was determined from figure
7.68B, where the radius was corrected for the overpressure according to figure 7.1, For both
figures, the size distributions were recalenlated after 0.6 ms by means of equation (7.2). The
new size distributions were then used to calculate the scattering spectra at the corresponding
time points according to Medwin®®. The spectra include the theoretical linear scattering of
(quantison™ (chapter 2). Finally, the ecnergy was caleulated at each time point by integrating
the scaltering over a frequency band ranging frem 2 8 MHs., For both the theoretical and
measured curves, the disappearance time, g eorys A1 L mensure, were estimated from the 95%
decay point in the energy-time curves.

Additlicnally, the disappearance time was calculated and measured at values for the over-
pressure of 50 and 100 mmHg. The mean value and standard deviation of a set of 30 scquential
recordings are listed in table 7.1 (top row) and show a signilicant decrease of the disappearance
titme for increasing values of the overpressure. The bottom row of table 7.1 shows the corre-
sponding thcoretical values as obtained with equation (7.2), which are in close agreement with
the measured values.

Table 7.1 Disappesrance time os o function of the applicd overpressure (6, 50, 100 and 200 mmHg). The
fop row shows the measured velues {mean £ STD). The bottom yow shows the theoreficel values obtained from.

equation (7.2).

| Overpressure  [mmHg] ‘ o I 50 | 100 200
tdmeasare lns] 98.8 £ 2.9 252 3.2 22.2 + 5.1 156+ 32 |
ti theary [ns] 30.1 24.5 21.4 15.5 |
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Final remarks

The indirect methods proposed in the literature for now-invasive pressive measurement present
different, limitations as a vesult of the insensitivity to measure small pressure changes. [ndeed,
when the variation of the pressure is smail, the corresponding variation in the echo amplitude or
resonance frequiency is hard to detect from the scattered signals, as shown in this chapter. The
new technique, as described in this chapter, is based on the analysis of the disappearance time
of free gas bubbles as a function of the local pressure, and is sensitive for pressure differences of
50 manllg. However, further improvement of the delection sensitivity is required to make the
technique applicable, for example, for cardiac appiications, where pressure differences smaller
than 20 mmHg are important®,

The size and number of the generated gas hubbles depend on the transmitted [requency
and acoustic presswre, and can be controlled in in wilre situations., However, the technique
described in this chapter is based on the disappearance time of released gas bubbles of known
size. For i vivo situations, the transmitted frequency and acoustic pressure varies from patient
to patient and for different locations in the human body and, consequently, the generated gas
bubbles will vary in size and number, as well, Therefore, wilh the current techunique, only
varialions of the local presswre can be measured. For absolute values of the local pressure, a
calibration method needs to he developed.

It has been shown that the [ree gas bubbles can be geueraled using encapsulated gas bubbles
and ultrasonic intensities available on the cirrent diagnostic ultrasonnd scanners. Additionally,
the method is casy to implement in current diagnostic ultrasennd scanners. For example, the
LF burst can be transmitted at the center {requency of the nsed transducer. The HF pulses can,
subsequently, be transmitted at a frequency, say 40% higher than the center lrequency. This.
way the acoustic pressure of the HE pulses will be approximately 50% of the acoustic pressure
of the center frequency. Te obtain larger frequency differences between the LEF burst and HE
pulse, a redesign of the transducer should he considered because of the limited bandwidth
of current transdueers. An alternative could be to divide the transducer into two parts with
different types of acoustic elements. Oue part can he used for transmitting the LF burst
and shouid preferably have a transmit frequency as low as possible. At lower frequencies, the
estimated size of the released gas bubbles would be lavger than at higher frequencies (chapter 3).
Because larger bubbles are more susceptible to small pressire variations than small hubbles, the
cond part of the transducer conld be used for trangsmitting the

sensitivity would increase. The se
HI" low-amplitide pulses.

7.5 Conclusions

In this chapter, a novel method has been described to measure internal cavity pressure from
outside using free gaseous microbubbles as a prossure sensor. The free gas bubbles are delivered
to the region of interest by using an ultrasowd contrast agent, i.e., encapsulated gas bubbles,
as a vehicle. Tn this way, the gas bubbles are prolected against dissolution by tlie suwrrounding
shell. The free gas bubbles are then lTocally released from the contrast agent under the effect of
a LF, high-amplitude ultrasound burst. The local pressure is estimated from the disappearance
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time of the released free gas hubbles. Theory and experiments confirm the high reproducibility
and sensitivity regarding the pressure-disappearance thne relationship.
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CHAPTER 8

Ultrasound directed drug delivery: A
preliminary study

Abstract

Currently, wlivasound is used in medicol diagnostics and lherapies. However, only recently it
has been recognized us a method for exlernal condrolled delivery of drugs. Novel drug delivery
systems have been deseribed using microspheres comprising o therapeulic compound. Especially
gus containing microspheres, used os wivasound confrast agends in lhe medical diagnostic field,
can. be wisnalized during their transport in the human body using standard ultrasound imaoging
systems. Once the microspheres veach the site of interest, wltrusound con subsequently be applied
in order to rupture the microspheres and relewse the therapeutic compound.  Therefore, the
release can be controlled externally once the microspheres reach a diseased region.

In this chapter, o brief literature overview is given on drug delivery and its combination with
ultrasound. Additionally, preliminary mecsurements are deseribed of the release of o model drug
{Herabriz) from o microspheric polymer carrier under wltrasound irradiation.

Based on the publication:  “Effeci of wltrasound irracdiation on the release of encapsulated drogs
by Deter J.A. Irinking, Avache Bouakaz, Nico de Jong, Follkert J. ten Cate and Sielhan Keating. Ulirasonics,
wol. 86, ne. 1-5, pp. T0Y-718, 1998
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8.1 Introduction

TFor many years, she major focus of drug research has been on the synthesis or discovery of
new drugs. While this continues to be important, the last few years attention is being paid
on research aimed at creating new drug delivery systems. In the carly days, sustained delivery
was achieved by combining drugs with substances that decreased there solubility, viz., coating
them with materials that did not dissolve in stomach acid, compressing them in densc tablets
or putting them into suspensions or emulsions. Alshough the drugs wore effective [or a lenpger
period ol time, the release kinetics were still strongly influenced by patient variations, To
improve the delivery systems, new approaches have been developed like!b?:

e Drug modification by chemical means. A dvug may be chemically modified to alter
properties like biodistribution, pharmacolkinetics, selubility or antigenicity.

e Dirng enfrapment wilhin pumps or polymer materials that are placed into the desired
bodily compartments. In these delivery systems, the release rate is ahmost exclusively
controlled by the design of the polymer gystem or pumps.

e Drug entrapment in simall vesicles thal are injected into the bloodstream.

8.2 Controlled release systems

Controelled drug release systems provide several advantages over conventional drug therapics™?.
For instance, these systems maintain the drug in the desired therapeutic range. Hence, the need
for follow-up care can he reduced, and the patient comfort can be mereased. Moreover, the
drugs can be administered locally to a particular region in the body and, lowering the systemic
drug level.

Langer'? described several ways to embed drugs into polymer materials, each depending on
different release mechanisms, such as diffusion, chemical conirol or solvent activation. Diffusicn
may occur through a reservoir in which a drug corve is swrrounded by a pelymer [ilm, or in a
matrix where the drug is uniformly distributed through the polymeric systom. Chemical control
is accomplished by polvimer degradation or chemical cleavage ol the drug from the polymer.
Solvent activation involves swelling of the polymer or osmotic eflects.

Polymer drug release syslems provide a sustained release of drugs over a long period of
time. However, these systems are unable to change the drug release on demand ounce it has
started. Therefore, the drug release should be activated and controlled by external means.
Different approaches have been proposed, such as magnetic ficlds, electric pulses and ultrasound
irradiation’™!, The remainder of this chapter focuses on the approach using ultrasound to
externally control the release of cimbedded drugs.

8.3 External drug control by ultrasound

Ultrasound has been used coxtensively for medical diagnostics and, fo a certain extent, for
medical therapy {physiotherapy, ultrasonic surgery, hyperthermia). Nevertheless, it has become
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popular only recently as a technique to enhance drug release from drug delivery systems. A
number of studies suggested o use ultrasound as an external wean of controlling the delivery
of drugs. Some ol them are mentioned below.

Transcutaneous drug delivery can be cuhanced by means of nlirasound®®™%%  Since the
skin represents a major barrier for delivering drugs, low frequency ultrasound {20 kHz to
1 MHz}, has been used 1o increase the permeability of the skin. Although the exact mechanism,
which is responsible for the enhanced drug delivery, is not clearly understood, the increase is
explained by cavitation and heating.

Ultrasound combined with erug release from polymer systems have been tested in the field
of cancer chemotherapy'®. 5-fuorouracii (5-FU) was embedded in an ethylene-vinyl alcohel
copolymer using both the reservoir and matrix system. Ultraseund at 1 MHz was used and
caused an increase in release vate in both cases. The release returned back to bascline aller
the ultrasound irradiation was stopped. It was suggested that a temperature increase of the
delivery system was the main cause of nereased diffusion of the 5-FU from the polymer.

[Kost ot al.'! investigated the effect of ultrasound cu the degradation of polymers and the
release rate of drugs incerporated in these polymers. An increase of polymer degradation
and the release of the drugs were observed, and several mechanisms were mentioned to cause
these effects. For example, the release rate inereased as a function of the applied ultrasound
intensity, and cavitation appeared to play a significant role, whereas lemperature and mixing
were relatively unimportant in effecting enlianced polymar degradation. Increased release rates
were also observed when ultrasound was applied te biodegradable polymers implanted in rats.

8.4 Novel drug delivery systems

An optimal drug delivery systern would be non-invasive, detectable from outside the body and
should be able to target a diseased region. Furthermore, the release should be controllable by
exterial means. Novel drug delivery systems have heen deseribed using micrespheres comprising
a therapentic compound?. These systems can he administered intravenously or by using special
drug delivery catheters'®*. Once the microspheres have reached a diseased region, the release
of the therapeutic compound may be controlled by ultrascund*® ' Additionally, gas containing
microgpheres, used as ultrasound contrast agents, can be visualized during their transport in
the human body using standard ultrasound imaging systems. Ishihara'?, lor example, described
a method for using ‘micromachines’, 4.e., gas-filled microspheres, as drug carriers to sclectively
administer the drug to a localized region. The ‘micromachines’ ave introduced into the discased
region while they are observed with B-mode eche. Additionally, the microspheres are irradiated
by ultrasound at the resonance frequency. In this way, ultrasound energy is absorbed most
effectively and, consequently, the release of embedded drags can be accelerated.

Unger'®, also described the use of gas-filled microspheres as delivery devices of drugs. The
microspheres contain a therapeutic compound amd a temperatire activated gaseous precursor,
which becomes a gas upon activation at a specific temperature {fluid-gas phase shift). After
administering the microspheres into the human body, the microspheres ave detectable for diag-
nostic ultrasound through the fuid-gas phase shift. They can be monitored i real ilme until
they have reached the region of interest. Therapeutic ultrasound, 4.e., lower frequency and
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higher intensity compared to diagnostic uitrasound, can then be applied to the region in orvder
to rupture the microspheres and release the therapentic compound. Several ways to incorporate
the therapeutic compound within the microspheres were mentioned.

8.5 Experimental procedure and results

A preliminary experiment was carried out as a fundamental test ol [oreed release of an encap-
sulated compound from a microspheric carrier by uitrasound. Small polymeric microspheres
were produced hy spray-drying a 50/50 Poly (DL Lactide-co-Glyeolide) polymer. Hexabrix,
a standard X-ray contrast agent, which is highly soluble in water, was used as a model drug,
Ag a resuls of spray-drying, the microspheres were gag-filled, and the Hexabrix was embedded
within the shell. The product obtained was a dry powder consisting of microspheres with a
mean diameter of 2-3 pm {figure 8.1), and with a 5% loading of Hexabrix in the shell.
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Figure 8.1 Normalized size disivibulion of the polymeric microspheres, with dismeters venging from 1.46 to

18 pem, s measwred with the Couller Counler® Mulfisizer {1 with an operture of 70 pan enploying 256 channels.

Ultrasound images were acquired with a standard diagnostic ultrasound scanner (HP Sonos
1500, HI?, USA)} to determine if the microspheres could be detected. First, a baseline image
was obtained {figure 8.2A) of 250 ml of Isoton® II {Counlter Elecironics, Lutton, UK) in a
heaker, which was positioned on a mechanical stirver. Secoud, 27 mg ol the microspheres was
suspended in 5 mi Tsoton®, genily inversed and added into the beaker. Again an ultrasound
image was obtained, and a significant inerease in echo response can be appreciated (ligure 8.28).
The echo response had vanished after 15 minutes (figure 8.2C). Figure 8.2 demonstrates that
the microspheres can be detected by ultraseund and, therefore, may be visualized during Lheir
transport in the body.

To measure the release of Hexabrix, 5.2 mg of the microspheres was suspended in phosphate
buffered saline. At ¢ = 0 minute, 1 ml of the sample was filtered through a 0.2 pan Sartorius
RCTS filter, and analyzed hy a Beckman UV /VIS spectrophotometer, which was calibrated for
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Figure 8.2 (A) Baseline echo imege. (B} Echo response ofter addition of the polymeric mierospheres.

{C) Eclo response 15 minvics after addition,

Hexabrix at 243 min using quartz cuvettes, At this wavclength, the absorbens of UV light is
maximal for Hexabrix and does not overlap the maximal absorbens of the pelymer material.
Every 5 minutes, a new sample was analyzed ap to 30 minutes. The product was left on a
rollermixer and gently mixed during the experiment. The release was calculated by taking
the theoretical loading of 5% into account, and is shown by the solid line in fipure 8.3. After
30 minutes, only 30% of the Hexabrix was released [rom the microspheres, A similar experiment
was conducted bul now the product was irradiated by altrasound for 10 minutes, at 3.5 MHz
and maximum intensity, starting aller 10 minutes. As appears by the dashed line in figure
8.3, there was a slight increase in release up to 40%, and the total release alter 30 minutes
was 16%. Additionally, the release without ultrasound (sustained release) was measured up to
140 minufes {not shown). The maximum measured release ol Hexabrix [rom the microspheres
did not exceed 35%.
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Figure 8.3 Percenloge release of Hewalviz s a fonction of time. —— = susloined release, ie., without

wlirasound. —--- = pelease after wltresound, after t=10 minutes,
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Next, a measurcruent was concducted in the same way as described previeusly but now
the microspheres wore put in a ultrasonic bath after 120 minutes and were irradiated for
1.5 minute at 35 kHz at maximum intensity. The sustained released of Hexabrix was 35%:
alter 120 minutes. However, a significant increase in release, up to 100%, was measurcd alter
ultrasonnd was applied (figure 8.4).
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Figure 8.4 Percenioge velease of Hexabriz as o function of time with altresownd for 1.5 minuie, slarling after

120 minutes.

An ollset of the released IMexabrix at ¢ = 0 minute can he observed in figures 8.3 and 8.4,
and was due to Hexabrix which was weakly bounded to the outer surtace of the microspheres.
[sxperiments o determine the actual loading subscribed this explanation'® {(actual loading
of 00 95%). The degradation of the polymer material was not taken into account in the

experiments.

8.6 Discussion and conclusions

Ulsrasound is used in medical diagnostics and therapy. However, it has heen recognized only
recently as a method for external controlled delivery of drugs. The velease rate of drupgs from a
carrier can be controlled depending on three predominant paramceters: 1) carrier composition,
2) drug incorporation and 3} ultrasonic parameters. The physical characteristics of the drug
carrier influence the release rate, depending on its degradation, rupture vate or temperature
rise. Il has been shown in this chapter that the release ol a compouind embedded in the shell of
a microsphere can be controlled by ultrasound. Additionally, several studies have shown that
the release rale is directly related to the ultrasound intensity, and that nltrasound has an effect
on polymer degradation®. However, the exact underlying mechanism is not entirely understood
vet. Other ultrasound parameters, such as [requency, duty cycle and duration may have an
effect on the release rate and the local absorption of drugs.

Drugs can be coupled with a microsphere carvicr in ditfferent ways. The drigs can be embed-
e in the microsphere, e, within the gas containing lamen. However, placing a compound in
the core of a microgphere changes the compressibility and, therefore, the acoustic hehavior of a
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microsphere. Moreover, it is difficult to produce this kind of delivery systemzs. An alternative is
to embed the drug in the shell of the microsphere. In this way, the microsphere will maintain its
acoustic properties, besides changed shell propertics, and can easily be delected in the haman
hody. Other methods consist of attaching or chemically linking the drugs to the outer surface
of the shell. Also antibodies may be attached to the cuter surface of the shell, which makes
targeted delivery leasible, i.e., delivery of embedded drugs to a specific site such as a tumor or
a thromlus.

Specific research needs to be performned to fully understand the mechanisms involved i the
release of an encapsulated compound from microspheric carriers. Irom the field of ultrascund
conlrast agents, knowledge and experience concerning the interaction of ultrasound and gas-
[illed microspheres is availahle. This expertise wili be useful for developing ultrasound divectod
drug delivery gysteins.
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CHAPTER 9

Optical imaging of contrast agent
microbubbles in an ultrasound field
with a 100 MHz camera: A
preliminary study

Abstract

Ultrasound conirast agenis, used for medicoel diagnostic imaging, contain small microbubbles of
a mean diameler of about 8 jom. The acoustic behavior of these dubbles in an ullrasound field
has been subject Lo wmany tmeestigations. In thas chapter, o method s proposed to visualize the
oscitlation of the bobbles in « 0.0 MHz wltrasound field wsing o microscope and o high frame
rale camera. Tor low acoustic pressures {peak negative pressure of 0.12 MPu), the vadius-lime
curve 4y measwred from the opticel dmages, was in agreement with. theory. For higher ccoustic
pressures (peok wegative pressure of 0.6 MPu), the mewsuved radius was significantly lorger than
predicted by theory, and a unexpected change in the bublles shapes was observed, The proposed
method enables the study and characterization of individuel bubbles and their encapsulation. It
is expected that this enables the development of new technigques for quality control, ultrasound
contrast pmaging ond uwltrasound-guided drug delivery.

Based on the publication: “Optical imaging of contrast agent microbubbles in an ultrasound field with
a 1060 MHz camera,” by Nico de Jong, Peter J.A. Frinking and Ayache Bonalarz. Accepled for publication
i Ultrasound in Medicine and Biology, 1999
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9.1 Introduction

Theoretical descriptions and mathematical moedeling of a free gas bubble under wltrasound
insonification has been subject to numerous studies over many vears'. The hehavior ol a
free gas bubble iu an ulltrasound field at low and moderate acoustic pressurcs is, thercefore,
well understood. Ultrasonnd contrast agents (UCA), used in medical diagnostic imaging, are
generally hased on free or shell-encapsulated gas bubbles. For encapsulated bubbles, the shell
serves as a stabilizing goal, and thus, the micrebubbles can civculate throughout the peripheral
vasculature. However, the presence of the shell has a dominant effect on the acoustic properties
such as linear, nonfinear and transient scattering of the microsphere®? (chiapter 3). Since
current UCA detection methods are based on these acoustic propertics, they arve ol crucial
importance lor the sensitivity of an ultrasound system in detecting the UCA iu the presence
of tissue. Consequently, a complete understanding of the ultrasound-contrast agent interaction
is essential for improving the cwrrent and new hnaging techniques, and for the development of
new coutrast agents. Since the stiffness of the microspheres can be controlled, e.g. by changing
the material and thickness of the shell, contrast agent manufactivers arve specifically interested
in the effect of changing shell propertics in order to produce an agenl that optimally manifests
specific acoustic signatures.

Acoustical measarements provide useful information about the interaction between ultra-
sound and the contrast agent. However, optical tochniques mmay provide dirvect visual infor-
mation. Such technigues have Leen described Dy Morgan? and Dayton®. In these studies, an
nndersampled reconstruction of an oscillating bubble was produced by stepping the delay of
a laser pulse by an additional increment for cach consecutive cyele unél the entire oscillation
period is recorded. The main limitation of this method is that a reproducible and stable phe-
nomenon is a prerequisite. Therefore, bubbles destroved within one or a fow ultrasound cycles
can not be investigaled by this method.

I this chapter, a method is describad to study the oscillations of single bubbles in a ultra-
sound field with a light microscope, in real time. The temporal resolution is sullicient to record
the bubble oscillation within one acoustic cycle. Conscquently, the complete bubble behavior
during insonification can be recarded, and the onset of subharmonics and transient phenomena,
for example, may be studied.

9.2 Materials and method

Contrast agent

The contrast agent SouoVue™ (Bracco Research S A, Geneva, Switzerland) was used in the
experiments. SonoVue™ cousists of sullir hexalluoride gas bubbles encapsulased by a flexible
phospholipid shell and has a mean diameter of 3 jun 8.
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Experimental setup

The experimental setup is usirated in figure 9.1A. A gated sine wave burst (10 cycles) was
generated by an arbitrary wavelorm generator (LW 4204, LeCroy, Chestnut Ridge, NY, USA),
which was manually triggered. The signal was amplified by a 60-dB linear power amplilier
{A-500, ENI, Rochester, USA), and the amplitude was adjusted by a separate variable attenua-
tor {350C/D, HP, Palo Alto, CA, USA). Tn this way, the amplitude could he conizolled hetween
10 kPa and 1 MPa. The peak negative pressures were measured at the site of inlerest with a
calibrated hydrophone (PVDFZ44-0400, Specialty Engincering Associates, Soquel, USA). The
amplified electrical signal was directed to a 0.5 My single element transducer {Panametrics,
Waltham, MA, USA), which was [ocused at 76 mm and had an apertive of 37 mm. The trans-
ducer was mounted i a perspex block under an angle of 45 degrees relative to the top of the
block. A synthetic Cuprophan® capillary fiber {Akzo Nobel Faser AG, Germany} with an inner
diameter of approximately 180 pm was placed horizontally in the focus of the transducer. The
conlrast agent could [reely flow through the fiber.

A
I:I CCD Camera
1 N

Microscope

@
capittary fiber 280 pm

Noarmalized amplitude

{1.5 MHz

THTTTETT s
Time [pisj

Figure 9.1 (A) Schematic sei-up for ihe optical recordings. (B) Guied sine wave of 500 kilz. The shoded bars

indicate the time intervels where the oplical images were recorded.

A mieroscope (BH2, Olympus Optical Co. GmbH, Hamburg, Germany) was positioned
above the perspex hlock, and projected images of the contrast agent particles with a mag-
nification of 100x on the [ast [raming camera (Tmacon 468, DRS Hadland, UK). An optical
beam splitter inside the camera projected the images on 8 separate Charge Coupled Devices
(CCD, 576x385 clanents). The camera was computer controlled, and the start and exposure
time of each CCD was sct. independently, The shortest exposure time of the CCIFs is 10 ns,
which relates to a repetition frequency of 100 MHz, For most of the experiments, the exposare
time and interframe time was 250 ns for all CCD’s, which relates to a repelition frequency of
4 MHz. Consequently, the total recording of 8 images took 2 us, which corresponds to one pe-
riod of the 0.5 MHz transmitted ultrasonnd ast. A Short Are Flashlamp (1100 series, BG&G,
Scotland) with a duration of 2 ps and a peak intensity of 0.5 J was used for illiumination. A
separate standard CCD camera (FASSL, Grundig Electronic, Fiirth, Germany), with a frame
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Figure 9.2  Optical #maeges of a SonoYue™ microsphere, P_=0.182 MPa. Eiposure and inler frame time for
wll irneges was 250 ns. Bettom leff: meesured diometers for o Sono Vue™ mhicrosphere as o function of time.

Bottom vight: Colenleted diameters as o function of time for a SonoVue™ microsphere.

rate of 25 Hz and shutter time of 2 ms, was mounted on the microscope {not shown in fligure
9.1A) at the same focal distance as the fast framing camera. In this way, the flowing agent
could continnously e ohserved. The high framing camera and flashlamyp were synchronised
to the acoustical signal with an adjustable delay. The diameiers of the recorded bubbles were
estimafed by thresholding and counting the muimber of pixels within the maximum cross-section
ol the projected arca. Calibration was obtaimed by recording a 10-ym grid {Olympus).

9.3 Results

Figure 9.2 shows a sequential recording of SonoVue™ during 2 ps at a peak negative pressure
(2} of 0.12 MPa (MI=0.16). The recording ol the images started in the middle of the trans-
mitted burst as shown by the dashed avea (62) in ligure 9.1B. The 8 images show the oscillation
ol ene SonoVuce™ bubble as a function of time. The average brightness of the images is not
uniforim due to a variation in light intensity during exposure. The estimated mean diameter of
the bubble was 2.75 pm, and the variation of the diameter ranged between 3 pm at maximum
and 2.5 pm at minimum. Simulations were performed for an cncapsulated gas bubble? with a
resting diameter of 2.75 gm. The values for the shell parameters were based on measurements



9.3. RESULTS 123

Diameter [pm)
]

0.3 1.0 1.5 20
Time fpisj

Figure 9.3  Optical imnages of a Sono Vue™ microsphere. P_=0.24 MPa. Erposure and inter frame time for

all dmages was 250 ns. Bottow: measured diemeters for o SonoVue™ microsphere as o function of time.

reparted by Goree and Arditi”, which were 0.44 MPa and 0.0038 Pa-s for the shell stiffess
and shell viscosity, respectively, The exposure time of the camera was not included in the
sinulation, and the result is shown al the bottom of figure 9.2 (hottom right). Note the close
agreement botween the simulated and the measured vesults for this low acoustic pressure.

Figure 9.3 shows a sequential recording of a SonoVue™ microsphere insonilied by an acoustic
burst with a 7 of 0.24 MPa (MI=0.32). The recording of the images started in the middle
of the transmitted burst. The estimated mean diameter of the hubble was large, i.e., about
12 e,

Figure 9.4 shows 8 obscrvations for a high acoustic pressuve (£..=0.6 MPa, MI=0.85), and
the recording started in the middie of the transmitled burst. The images show a big diversity
in bubble sizes. A clowd of hubbles can be observed containing small bhubbles with an average
diameter of 3.5 pan and one large bubble with a diameter of 12 jan. The time between images
7and 8 was 2.75 ps. Although the refative diameter change of the small Babble a and the big
Inibble b shows the same variation, it seems that the larger hubbie splits into two parts as can
Le noticed in image 8. The relative diameter change of the two bubbles is shown in the bottom
of the figure and show the same cowrse up to image 7.

Figure 9.5 shows the 8 observations also at an acoustic pressure (P_=0.6 MPa, MI=0.85).
Nevertheless, the recording of the images started at the beginning of the transmitted burst
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Figure 9.4  Optical images of Sono Vue™ gnicrospheres. P.=0.24 MPa. Inter frome time of images 2-5
was S00 ns. Images 4 7 were vecorded with an inter frame time of 250 ns. Inter frame time between image

7 and & was 2.95 ps. Evposure time for oll images was 250 ns. Bottem: measured diameters for SonoVue™

miderospheres as o function of time.

(see figure 9.18, ti), i.e., the moment the ultrasound wave reached the cnscmble of bubbles.
In this experiment, the inter frame thne of the first 2 images was set to 5300 nus, and the rest
of the images were recorded with an inter frame time of 250 ns, resulting in a total acquisition
time of 2.5 gs. The exposwie time of all the images was 250 ns. The first images show a minor
change in diameter of the bubbles, however, the diameter increases dramatically in image 6,
7 and 8. The course of the change of diameter of 2 bubbles is given in the figure. The initial
diameter of buhble ais 1 pan. It first decreases and then increases up to 7 pm. In this example,
ali the dillerent bubbles show a similar behavior (see bubble b). The change in radius was
underestimated by simulated results, which showed only an imcrease of 20-50% of the initial

diameter.
9.4 Discussion and conclusions
During the exposure time (250 ns) the bubble continuously expands or conéracts. Therefore,

the motion of the bubble wall will be integrated and appears on the images as a dark rving
{blurring). This is noticeable in figares 9.3 to 9.5, Nevertheless, the maximum diameter during
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Figure 9.5  Opiicel images of SonoVue™ spicrosphercs.  P_=0.6 MPa.  First image vecorded ab (=t
{figure 8.1). DTnage 2 ot © = t1 4+ 500 ns. fmage 3 at t=t1+750 ns. Fmnage § ot t14+1000 ns. Image 5, 6,
¥, 8 hove an inter frome time of 250 ns. Al images have on exposvie time of 250 ns. Bottom: meosured

divineters for SoneVue™ wnicrospheres as o function of time.

exposure was considered for the analysis. In the simulations, this bhuring effect was not taken
into account.

The contrast agent was freely flowing through the capillary fiber during experiment. There
was no need for fixation (e.g. with a pipette), which is necessary if stroboscopic investigation
is considered® and, therefore, the experiment described in this chapter approaches the i wivo
situation. Flow was low and exposure 1ime short and, therefore, bubble displacement during
experiment was negligible as can be seen in all the ligures.

The optical observations of ultrasound contrast agents in an ultrasound field with a high
lrame rate camera as described in this chapter are the first reported. In other areas, e.g.
cavitation or lithotripsy, the use ol high frame raie camera has heen reporied®. However, big
bubbles with a size of 100 jsm and low [reguencies of 100 kHz were used in these studies.

High frame raie recordings are essential [or the development ol different areas in which
contrast agents can he used. First, this includes the development ol detection methods. Some
ol the current methods are hased on the change in scatter response of the bubble [rom successive
pulses (chiapter 3). For these methods, the exact response during insonification is not taken into
account. The deseribed optical observations show that the bubble diametor increases during
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insonfication and exceeds the values expected from theory®. This opens ways to interrogate the
bubble dilferently, and to use the acqnired information directly without repeated interrogation.
Also the optimal response as a function of [requency and acounstic amplitude can be determined.

Sccondly, acoustic characterization always relates to a cloud of bubbles. The clasticity
and the viscosity of the shell are derived [rom the aconstic measurements, and so they give
only average values. Through real-time optical visualization, the exact contribution to the
backscattered signal of each buhble can he determined and, consequently, the clasticity and
viscosity of the shell of each bubble. Statistics can he carried out as a function of the diamoeter
ad new contrast agenis can be vapidly evaluated and guality control is feasible.

A third aspect is the application ol wltrasound direeted drug delivery. Locally delivering the
drugs under ultrasound irradiation has proven te be a new opportunity using contrast agent
microspheres (chapter 8). With optical observation the exacl mechanism behind the release
can be studiod.
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10.1  Introduction

The application of nltrasound for clinical deeision malking has heen expanded cnormously during
the Tast decades. Significant improvements in equipnient have contributed to the nnderstanding
of anatomny and function of dillerent organs. For instance, with the inlroduction of real-time
iwo-ditensional imaging, it is possible to image dilferent anatondical structwies in the body
non-invasively. Ultrasound can also be used for blood flow measurements in larpe vessels and
the heart by using Doppler technignes. Nevertheless, for the assessment of perfusion ol the
myocardium or tunors lor example, the scattering of bood is teo low, wiz, approximately
30 40 B lower than that of myocardial tissue'”. By injecting an ultrasound contrast agent,
the scattering of Dlood is enhanced. Thus additional information can be cbtained, which can
be combined with anatomy.

Diagnostic imaging modalilies like magnetic resonance imaging (MRI) and cowputed to-
mography (CT) have shown greal promise as a non-invasive techuique by the use of a contrast
agent. However, these teclmiques use ionizing radiation, are not repeatalle and are relatively
expensive. Diagnostic witrasound tmaging, en the other hand, does not nse ionizing radiation,
is repeatable and relatively chicap. Unfortunately, in comparison to MRI and CT, ultrasonad
coutrast imaging hias lagged behind, until recently, due to the lack of effective contrast ageuls,
sensitive detection methods and the difhculties of quantifying nllrasound images.

Current contrast agents meet most of the criteria to ake ultrasound contrast imaging
an offective tool for clinical diagnosis. Therefore, contrast agents may prove great valve in
perfusion imaging of the myocardium and tumors. Additionally, some ultrasound manulacturess
have wecognized that conirast agents may significantly increase the diagnostic capabilities of
ultrasound, and have developed contrast specific detection strategies,

The aim of the study reported in this thesis was 1o characterize ultrasound contrast agents,
and to develop a contrast-specific detection strategy based on contrast-specific chavacteristics.
In the following sections, the findings and results of each chapter will snccessively be sumimarized
and cliscussed,

10.2 Acoustic characterization

Theorvetical deseriptions awd mathematical modeling of a free gas bubble wnder nltrasound in-
sonification has been the subject of numerous studics over many years®. The vesponse of a free
and encapsiilated gas bubble to an nlirasound ficld at low and moderate acoustic pressires is
well understood®™% 78 Chapter 2, reports on the results of the measured acoustic properties of
encapsulated air bubbles, viz., Quantison™ and Myomap™, at moderate acoustic pressures.
An adapled version ol the Rayleiph-Plesset equation, where the shell is described as a viscoelas-
tic solicd, was proposed and validated for these agents. The Hpear attenuation and scattering
properties were predicted hased on the measnred size distribution. From the results presented
i chapter 2, it can be concluded that the shieli has a dominant effect on the linear and nonlinear
scattering propertics of cucapsulated gas bubbles.

With previons reported models®™ % it is not possible to calculate the acoustic properties of
Quantison™ and Myomap'™. These models wore specilically developed for Albunex® and werc
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based on the assumption that the sheil is mucls thinner than the hubble radivs. Tor Albunex®,
the shell thickness is approximately 15 nm *, wheveas for Quantison™, it ranges between
200 300 mn. Therelore, the thin shell assmnpiion is not valid for agents such as Quantison™!
and Myomap*, where the shell occupies a considerable part of the bubble volume. The lact
that the transmission and scatteving of Albunex® could be predicted with the model described
in chapter 2, mdicates thal Lhis model may be used for contrast agents with a thick or a thin
shell, The scattering-to-attenuation vatio (STAR) may be used, in addition to the scattering
or backscalier coefficient, to describe the scatter efficiency of ultrasound contvast agents. The
STAR can he used as a measure for the acoustic performance of a contrast agent. In this way,
contrast agenls could be compared to each other. However, the values for the STAR arve only
valid for low acoustic pressures, and nonlinear effects are not taken into account,

Acoustic characterization, as described in chapter 2, is always related to a distribution
of bublles. Since the estimated shell parameters, such as the effective bulk modulns and
friction parancter, are hased on acoustic measurements, they represent average values and
cannot divectiy be related to parameters for single bubbles.  Additionally, the effective bulk
wodulus and friction parameter are derived from linear theory and are independent of the
applied acoustie pressure. For high acoustic pressures, i.e., in the nonlinear range, the shell
material may loose its clastic characteristic. Thus, the material properties may change, and,
accordingly, the acoustic propertics may change.

The trangient enhanced scattering phenomenon, shown by encapsulated types of contrast
agents at high acoustic pressures, is ol particular mterest. This phenomencen cannot he predictoed
by the theoretical model that was introduced in chapter 2, and is described in chapter 3. 1t has
been explained by o ¥dualistic” scallering characteristic of the hubbles, which 15 not. shown by
tissue, and, therelore, represents a uique signatire of the contrast agent. For acoustic pressures
helow a threshold, the bublles act as encapsulated gas bubbles. For acoustic pressuves above
the threshold, the hubbles ruptwre and velease the contained gas, subsequently acting as free gas
bubibles. The transient part of the offect is explained hy the disappearance of the released gas
diie to diffusion in the surrounding liguid. These explanations were investigated experimentally
and evaluated by theoretical models.

In comparison to free gas bubbles, encapsulated pas hubbies are robust and Iast in the
cirenlation, but their scatter efficiency and nonlinear response are suboptimal, The scaiter
officiency and poulinear response of free gas iicraspheres, however, are [ar superior hut their
life span 15 lmited to milliseconds. Therelore, ultrasound in combination with the “dualistic”
scattering characteristic suggests that encapsulated gas bubbles can be construed as a robust
vehicle for loealized delivery of free gas bubbles, the ‘ullimate’ ultrasound conlrast agent.

The explanation of free gas Dubble release hag heen validated for Quantison™and has heen
describesd for other agents™ . However, this explanation might be too simplistic or incomplete
for the whole vange ol contrast agents available. Dayton and collcagues'? have shown that a
cowplex set of phenomena may affect the echoes fromn wltrasouned contrast agents depending
on the shell matmial and gas core. The changes veported include deformation or breakage of
the encapsulating or stabilizing material, genevation of fiee gas hubbles, reshaping or resizing
ol gas volumnes including splitting ol gas bubbles or fusion of bubbles into larger gas bubbles,
ov a combination of the aforementioned effects. Although the exaet underlying mechanism for
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contrast agent disruption may he very complex, the combination of the induced changes wili
aller the acoustic properties of the agent and can be detected by subjecting the contrast agent
to ultrasound pulses,

10.3 Ultrasound contrast imaging

in chapter 4, a new ultrasound contrast imaging techuique is proposed that exploits the use
of the transient phenomenon, which was discussed previously. The general idea is to separate
the agent disruption and the agent delection processes. This was performied in three steps.
First, a low power pulse, £.e., the detection pulse, was ransmitted to obtain a reference signal.
This pulse was chosen for optimal imaging and minimal contrast agent disruption. Secondly, a
release burst was transmitted to distupt or modify thie contrasl agent. Since the release burst is
not ased for imaging, it has no Hmitations concerning the mnnber of eycles of the transmitted
palse.  Furthermore, the frequency can be tuned without regard to reception sensitivity in
the harmonic band, Finally, a second detection pulse was transmitted to detect the changes
induced by the release buwrst. By comparing the scattering responses of the detection pulses
hefore and after the release insi, a conirast specific signal was constructed. The method has
beew evalnated in witro for three contrast agents, wiz., Quantison™, Levovist® and SenoVue™.
An enliancement of the seusitivity of contrast ageul detection compared to imaging methods
wilhout a rvelease burst, was demnoustrated.

The purpose of the release hurst is to impose sufficient changes of the aconstic properties
of the confrast agent that ave nniform along the ultrasonnd beam. Considerations vegarding
imaging quality, such as pulse length and spatial resoluiion, are not requived. Therefore, the
release hurst can he maplemented as a single. high amplitude pulse of arbitrary length. Ad-
ditionally, it can consist of a number of short pulses transmitied in succession with variable
[requency, amplitude, length and focusing.

The contrast iinaging approach described in chapter 4 is a multi-pulse technigue, which
means that multiple pulses are transinitted in a given line of sight. Consequently, it is suscep-
tible Lo tissue wotion, which can result in elutter siguals that may be stronger than contrast-
cohanced signals, Therefore, release burst imaging was combined withh a Doppler based pro-
cossing scheme to suppress the clutter signal {chapter 5). This implies that an ensemble of
pulses was transmitted in the same direetion, and that one of the pulses was replaced by a
velease burst, A clutter filter, based on polynomial prediction, was specifically developed for
release burst imaging. The new methed was evaluated against harnonic power Doppler (HI?D)
imaging. The sepsitivity of the new method for contrast agent detection, expressed in terms
of agent-to-tissue ralio (ATR), was higher than the ATR for 2 and d-cycle TIPD, for acoustic
pressures up to 1 MDPPa. In general, the sensitivity of release buwrst imaging to contrasl. agent
detection, in combination with ils mobion suppressing capabilities, was higher compared Lo
HPD, lor the contrast agents Quantison™, Levovist® and SonoVoeT™,

The clutier eslimation was implemented by polynomial fitting. In appendix A, it is dewnon-
strated that the polynomial prediciion can be expressed as a Hunear operation on the observed
samples, which can be cxpressed as a matrix imddtiplication. Moereover, the subtraction of the
observed samples from the predicted samples can be incorporated in the same matrix, There-
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ore, the complexity of the method is limited, and can efficiently be implemented on existing
wltrasound scanners.

The iransmil sequence for release burst maging was implemenied on the System Five ul-
trasomd scanuer {GE Vingmed Ultrasound, Horten, Norway), i.¢., the delection pulses and
the release burst were transmitted by Lhe same phased array transducer. An approach cur-
rently under investigation is a specialized phased array transduceer with two different types of
transclucer elements arranged in an interleaved pattern, One tvpe (e.g. the odd clements) will
he used for transmitting the velease barst, while the other type (e.g. the even elements) will he
used [or transmitting the detection pulses. The primary advanlage ol the proposed approach: is
ihat [recquencies of the release burst and the detection pulses can be separated, ie., thore will
Ie hardly any overlap hetween the (ransmitted spectrum of pulses generated by the ‘release’
clements, and the transmit and receive spectrum ol the pulses generated by the ‘delection’ ol-
ements. Thus, artifacts due to cross-talk (electrical and acoustical) can be minimized through
bandpassed filtering. Also, m the cotrent configuration one detection pulse # veplaced hy the
release burst. This effectively increases the thne delay belween the detection pulses adjacent
to the release burst, which may influence the clutter filter perlormance. Through separation of
the release burst and the detection pulses, the time delay between (e detection pulses adjacent
Lo the release burst can e minhmized, resulting in a botter clutler estlimation.

Release burst imaging Las only been desaribod ag a technique for contrast ageut <etec-
tion, and not as a method for quantification. However, the information obtained with release
st imaging is based on real time subtraction where background tissue is suppressed fromn
the contrast signal. Unlike video densitometry, the method is less susceptible to acquisition
instabilitics, and the ull dynamic range of the contrast signal can be used. Additionally, thae
could b a lincar relation between the contrast signal and the concentration of the contrast
ageut, whiclr woukl make it ideal for contrast quantification.

In chapler G, an overview is given of ultrasound contrast imaging methods that are cmrently
availabio or wder Investigation. Imaging methods like harmonic B-mode lmaging, harnonic
power Doppler imaging and pulse inversion imaging have improved the Image quality of ultra-
goundl contrast imaging cousiderably. New methods like release burst imaging and subharmonic
imaging arc being developed awd have 1o prove their additional value for ultrasonnd contrast
imaging in the near future.

10.4 Non-imaging applications

Alternative non-invasive pressure lileasurenients technicues, as described in literature, are hascd
on the interaction of ultrasonnd waves with individual gas bulbles. Chapter 7, describes a novel
technique for the von-invasive deterination of the local pressvre in a fuid filied cavity, The
general idea was to use encapsulated gas bubbles as a ‘vehicle’ for free gas bubbles. The small
free gas bubbles wore relcased from the encapsulated gas bubbles by a velease burst, and the
disappearance time of the frec gas bubbles was measured. TFrom dn vitro experiments, repro-
ducible results showed a significant difference hetween the disappearance time of the bubbles as
a [uction of the local pressuve, resulting in a quicker disappearance of the bubbles for higher
values of the local pressurve. The sensitivity of the method to small pressure changes (50 mmg)
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was also demonstrated. Forther improvement of the detection sensitivity is, however, 1oquired
Lo wtilize the technique in cardiolopy and radiclogy, where pressure diflerences are generally
smatler than 20 munHg.

A new polential tecliniaue for local drug treatinent is ‘ultrasound directed drug delivery’
(CDDD). Therapeutic drugs can be incorporated or linked to microspheres, amd can be released
Ly ultrasound induced bubble rupture. Chapter 8, reports the results of a preliminary study
of UDDID. Tt is shown that for a compound encapsilated in a polymeric shell, a significant
increase in release could be obtained by witrasound wradiation, which suggesis that UDDD is

feasable.

Although UDDD is at an carly stage ol research, the pespectives seem to be realistic. The
lirst application of UDDD will probalbly be lor sonothrombolysis'®, i.e., blood ¢lot or throm-
hus dissehition by ultrasound induced rupture of gas Gilled microspheres. Targeted thrombus-
specific agents may be used to detect the blood clol. Selective binding mechanism through an-
tibodies can be used for targeting'™. Another interesting possibility is the adherence of allumin
microsplicres to inflammatory endothelimm. This kas been shown by Villanueva el al. ™, who
voported that Albunex® buhbles preferentially adhere to inllammatory endothelial extracellular
matrix. They suggested that albuwmin microspheres can be used to non-invasively study on-
dothelial integrity, which may have fimplications for the assessment of preclinical atheroscerotic
Leart disease. Moveover, the detection of endothelial coll dysfunction in an early stage, might
apen a new potential in medicine for the treatment of endothelial cell dysfunction before throm-
Losis oeeurs',

Molecular Dinding mechanisms are only effective over digtances on the order of nanometers.
Therefore, effective targeting would he increased if the agewl is concentrated near the specific
site that has to be treated. Dayton ot al.'™ have shown that primary and secondary raciation
lorces can be used to manipulate fowing contrast agents by ultrasound. Primary radiation
forces may be used to direct bubbles to aspecific region of the vessel wall where the flow velocity
is lower. Bubbles can even be stopped in a low by primary radiation [ovces at high acoustic
pressure and high pulse repetition hrequencies (PRE)Y, Additionally, secondary radiation forces
may be used 1o [orm aggregates of bubbies in the location to be treated.

10.5 Optical visualization and characterization

Acoustical measuwrements provide useful inlormation about the mteraction hetween ultrasound
and the contrast agent. However, optical techniques may veveal direct visual information of
the complete nltrasound-contrast agent interaction. This information could be used to explain
phenomiena that are not fully understood, such as bubble ruptwre. In chapler 9, a moethod
is proposed Lo visualize the oscillation of the bubbles in a 0.5 Mz ultrasound feld using a
microscope and & high [rame rate camera, at a frame rate of 4 MHz. For low acoustic pressures
(peak negative pressure of .12 MPa), the radins-tine curve as measured from (e optical
images was i agreernent with theory?, For higher aconstic pressurves (peak negative pressure
of 0.6 MPa), the measwred rading was significantly larger than predicted by theory, and a
unexpected change in the bubbles shapes was observed. These results could provide additional
information regarding single bubble hehavior in an ultrasound field, which may be inconclusive
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[rom acoustical measiomncnts. The proposed method enables the study and characterization of
individial bubbles aud their encapsulation. Such a study is of crucial importance for developing
new deteetion strategies, like subharmonic imaging, and to explore and develop new areas like
ultrasound divected dimg delivery.

10.6 General discussion

New conlrast-specific detection strategics are continuousty being developed and have vesulfed
in bnproved lirasowd contrast agent detection. An established technique such as harmonic
power Doppler imaging is known to be one of the most sensitive imaging modes currently
available in terms of apent-to-tissue ratio. However, the information that is obtained with
ultrasound contrast agents within the finest branch of the vascular system has not vet been
fully utilized.

Ior optimal utilization of ultrasound coutrast imaging, the most important ssue is a solid
cducation of current investigators, and more importantly, future clinical users.  Ultrasound
contrast intaging is still a research tool and appears to be a modality that has to be performed
with dedication, persistence and patience. Numerons studies on the acoustical characteristics
of gas bubbles have contributed to owr knowledge of the hehavior of contrast agents in an
altrasowd ficld. However, a profound understanding ol the hulible characteristics is necessary
to find the optimal machine settings. Thevefore, collahoration hetween physicists and physicians
is mandatory to understand the lndamentals ol the behavior of contrast agents in an ultrasound
field, and to apply technicques hased on novel conlrasi-specilic characteristics in the elinical
st agents have to be made in a

environment.  Additionally, elinical studics mvolving contrs
manner that includes corvecl interpretation of the measured imaging variables. This in order
te obtain reliable physiological micasurcments, and nol Lo bring altrasonnd contrast imaging
into disrepute. Without these considerations, the huge potential of vltrasound contrast inaging
will be hard to recognize.

16.7 Conclusions

The results ol the work reported in this thesis demonstrate that the seattering properties of
encapsilated gas bubbles is highly dependent on the acoustic pressure amplitnde. At high
acoustic pressures, Lhese properties ave unique for contrast agents. Optimal utilization of the
transient enhanced seattering phenomenon significantly improves the sensitivity of ultrasound
contrast agent detection. Furthermore, 1t has been demonstrated in this thesis that new chal-
lenging applications like non-invasive pressure measurement and ultrasound drug delivery by
means of encapsulated gas bubbles, are feasible. Finally, it has been demonstrated that radius-
time curves of oscillating gas bubbles in an ultrasonnd [ield can be oblained, in real-time, with
a light microscope and a high frame rate camera,




134 CHAPTER 10. SUMMARY AND GENERAL DISCUSSION

References

1,

)

-1

10.

.

12.

13.

KK K. Shung, R. AL Sigelmanu, and J. M. Reld, *Scattering of nltrasound by blood,” IFEE
Trans Biomed Eng, vol. 23, no. G, pp. 460-467, 1976.

SJ0 G Miller, . T8 Perew, and J. G. Mottley, “Myocardial tissue characlterization: An ap-

proach based en gnantative backscatter and attenvation,” in IEEE Ultrason Symp, pp. 782—
793, 1983,

.T. G. Leighton, The acoustic bubble. Londow: Acadernic Press, 1094,

. Lovd Ragleigh (3. W. Steutt), “On the pressure developed in a liquid during the collapse of

a spherical cavity,” Philos Mag, vol. 34, pp. 94-98, 1917,

CH. Medwin, “Connting bubbles acoustically: A review,” Ultrasondes, no. 1, pp. 7-13, 1977.

N. de Jong and L. Hofl, “Ultrasound scattering properties of Albunex® microspheres,” Ul-
trasondcs, vol. 31, uo. 3, pp. 175181, 1993,

.N.de Jong, R, Cornet, and C. T, Launcée, “Higher harmonies of vibrating gas filled micro-

spheves. Part one: Simulations,” Ultrasonics, vol. 32, pp. 447 453, 1994

. C. C. Churel:, “The effect of an elasiic solid surface layer on the racdial pulsations of gas

bubbles,” J Acoust Soc Am, vol. 97, no. 3, pp. 1510-1521, 1995.

CNLde Jong, L. Hoft, T. Skotland, and N. Bony, “Absorption and scalter of encapsulated

eas filled microspheres: Theoretical consideratious and some measiwvements,” Ullrasonies,
vol. 30, no. 2, pp. 95103, 1992,

V. Ullendorf and C. Hoffmann, “Nenlincar acoustical response of coated microbubbles in
diagnostic ultrasound,” iu IEFEE Ultrason Symp, vol. 3, (Cannes, France), pp. 1559 1562,
1994.

Y. Takeuchi, “Indusirial use of thermoplastic micro-halloon to mimic the contrast agents
awd its én vitro hehaviour including increased gas dynamics,” in IEEE Ultrason Symp, vol. 2,
{Toronto, Cauada), pp. 15791582, 1997.

P. A. Dayton, K. A. Morgan, A. L. Klibanov, G. H. Brandenburger, and K. W. Ferrara,
“Optical and acoustical observations of the effects of ultrasound on contrast apents,” IEEE
Trans Ulirason Ferr Freq Con, vol. 46, no. 1, pp. 220-232, 1999,

E. C. Unger, T. P. McCreery, Y. Wy, D. Shen, Q. L. Wa, A Santanen, and V. Caldwell,
“How [ar [rom clinical use? Ultiwsound divected drug delivery in clinical radiology,” in Srd
Heert Centre Euwrop Symp Ultresound Contrast Tmaging, (Retterdam, The Netherlands),
pp. 64-G5, 1998.



REFERENCES 135

14.

16.

17.

18.

. 5. Villanueva, R. J. Jankowski, S. Klibanov, M. L. Pina, S. M. Alber, 5. C. Watkins,
G. TT. Brandenhburger, and W. R. Wagner, “Microbubbles targeted to intercellular adhesion
motucule-1 bind to activated coronary artery endothelial cells,” Cirenlafion, vol. 98, no. 1,
pp. 1-5, 1908.

CFUS Villanuews, R, . Jankowski, C. Manaugh, and W. R. Wagner, “Albmmin microbubble

adlicrence to human coronary endothelinm: Tmiplicalions for asscssment of endothelivm
function using myocardial contast echocardiography,” J Am Coll Cardiol, vol. 30, no. 3,
pp. 689-693, 1997.

E. C. Ungor, E. Gertz, T. P. McCreery, D. Shen, G. L. Wu, Y. Wi, and R. Sweilz, “Vi-
sualization of intravaseular thrombosis: Practical implications,” in 4th Heort Cenire Europ
Symp Ultrasound Condrast Imaging, (Rotterdam, The Netherlands), pp. 37-43, 1999.

P.oA. Dayton, K. A, Morgan, A. L. Klibanov, G. H. Brandenburger, K. Nightingale, and
[ W, Ferrara, “A preliminary evaluation of the effects of primary and secondary radiation
forces on acoustic contrast agents,” [EEE Trans Ultrason Ferr Freg Con, vol. 44, no. 6,
pp. 1264-1277, 1997.

. A. Dayton, A. L. Klibanov, G. H. Brandenburger, and K. W. Ferrara, “Acoustic radiation
force 4n wivo: A mechanism to assist targeting of microbuhbiles,” Ultrus Med Biol, vol. 25,
no. 8, pp. 1195-1201, 1999,






APPENDIX A

Matrix implementation of polynomial
regression filtering for release burst
imaging

The clutter Gltering operation, as applicd in chapter 5, can be expressed as a lmear operation on
the observed samples. The signal vector £ denotes the vector of observed complex demodulated
samples from the same divection and depth, taken at time points defined by the vector 1. The
signal and time vectors arve split into samples before the release burst (T, and ) and samples
after the release burst (25 and ). Fitting an N order polynomial to the samples before the
release burst, then becomes finding the coefficients ag, a3, ... axy which best fits the polynomial:

N
plt) = ag +ayt + - Fant™ = Z at” (A1)

n=l{}

to the observed samples 2y taken at #;. The problem can be formulated as a vector equation:

v

(.',QEF}}O -+ m[ml + -t (!N{{,[}A' = .‘U[, (r\?)

where [1‘_;]” denote colimn vectors found by taking cach element of the time vector !'_1 )
the power of n. I the number of time samples in ) is greater than N + 1, the system of
equations (A.2) becomes inconsistent, and the solution must be approximated. Eguation (A.2)
can be rewritten into a matrix notation where the matrix 77 and the coeflicient vector o can

Based on the manuscript: “Three-stage approach to ultrasound contrast detection” by Johan Kirkhorn,
Peter JLA, Frinking, Nico de Jong and Hans Torp. To he submitied.
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he defined as:

{ig
— . R £y . ..
[ m o [V = {(A3)
n ft;fv
\_\,_/

To solve with respect to d, equation (A.3} is muitiplicd by {he transpose of 1}:
7 ha =TV (A1)

Since the cotumns of 1) arce lincarly independent, the matrix 774} is invertible, and an
expression for & can Le oblained:

= (1YT) T (A.5)

This is a Leasi-Squares solution to the problem, giving the polynomial cocfficients of
equation (A1), An expression for the predicled samples 72 alter the release burst is then
given by:

RN (3 N AP AL 3 T TP (AR
s
= Tz(T;Tl)_il_r{ri_'[ . (‘.\6)
e et
)

The signal vector 7 is the difference between the predicted samples, ¥, and the observed
samples, @, after the rvelease hurst:

= ¥y — B, (AT

&2

§=a —

More generally, it can be expressed as a lincar [iltering operation on the enlire signal vector:

g={ —B | T ] {”'}} = AT (A.8)
LU )
A v
i
The elemeuts of the matrix A are real valued, and only depend on the polynomial order N

and the time vectors £; and . The power of the signal vector & can he found as:
172 = 77 = & AT AT, (A.9)

where Z* denotes the conjugate transpose of Z.



Samenvatting

De deorbloeding {zuurstolvoorsziening) vau organen zoals de hartspicr, lever en nicren, geell
informatie over hel functioncren van deze organen. Ultrageluids contrastmiddelen maken het
mogelijk om e doorbloeding van deze organen op een eenvoudige manier te bepalen met be-
hulp van echografie. In dit proefschrift zijn de akoestische elgenschappen en toepassingen van
ultrageluids contrastmiddelen onderzocht.

In hooldstuk 2 worden akoestische cigenschappen zoals verzwalkiding en scattering (verstrooi-
ing) van hel confrastmiddel Quantisou™ beschreven. Dit contrastmiddel bestaat, zoals de
meesle conlrasimiddelen, uit ingekapselde gashellen met een gemiddelde diameter van ongeveer
3 pmn Ben model, speciaal ontwikkeld voor dit contrastmiddel, is getoetst aan de hand van
metingen. De vesultaten laten zien dat voor niet al te hoge waarden van de akoestische drk
{< 200 kPa) de akoestische eigenschappen aanzienlijk verschillen van die van vrije tuchthellen
binnen cen frequentie bereik van 1-10 MHe.

Bij akoestische drukken boven een bepaalde waarde (> 200 kI’a), treedt er een tijeelitke
verandering op in de scattering van Quantison™ . In hoofdstuk 3 wordt dit effect geme-
ten en verkiaard aan de hand van cen “dualistisch” karakter van het contrastmiddel. Voor
lage akocestische drukken gedraagt het contrastmiddel zich als ingekapselde gashellen. Deze
worden daardoor waargenomen als stabiele scatteraars. Bij hoge akoestische drukken komt het
ingekapselde gas vrij en het contrastmiddel gedraagt zich als vrije luchthellen. De toename in
scattering, die op kan lopen tot 10-20 dB, en het niet-lineair scatteren wordt verkiaard aan
de hand van het efficiénte scatter gedrag van vrije luchthellen. Hel tijdelijle karakier van de
vrijgemaakte gashellen, die een diameter hebben van enkele micrometors, wordt verldasrd door
de beperkte levensduur van deze gasbellen in cen vlocistot (<0 20 ms). De metingen worden
ondersteund door bestaande theoretische medellon, De combinatie van ultrageluid en dit “dual-
istische” karakter van ullrageluids contrastmiddelen, maakt het mogelijk om het contrastiniddel
op een unieke wijze ie delecleren.

In hoofdstuk 4 wordt een nieuwe detectiemetliode geintroduceerd, die optimaal gebruik
maalkt van het “dualistische” scattergedrag van ingekapselde gasbellen. Hierdoor is het mogelijk
on: liet contrastmiddel, en daardoor het bloed, op een unicke wijze te detecteren. Kort achtor
clkaar worden twee ullrageluidpulsjes uitgezondew; dit ziju de zogenaamde detecticpulsjes.
Een derde puls zorgt voor het veranderen van het scatterpedrag en wordt tussen de twee
detectiepulsjes uitgezonden.  Op deze manier wordt de detectie van het contrastmiddel en
hiet genereren van het veranderde scattergedrag van elkaar gescheiden. Hierdoor kunnen deze
processen onafhankelijk van elkaar geoptimaliseerd worden. Dil in tegensielling (ot de de-
iemethoden die op dit moment klinisch worden toegepast. Door de echoresponsies van
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beide detectiepulsjes met ellaar te vergelijken, en ervan uitpaande dat het omliggende weel-
sel in de tussentijd niet veranderd, wordl er eon gignaal gegenereerd dat specifick is voor
het contrastmiddel. In hoofdstuls 5 wordt de methode uitgebreid, zodat deze ook toegepast
kan worden in situaiies waarbij beweging als gevolg vaun adembhaling of het kloppen van het
hart. problemen kan opleveren voor een cenduidige detectie van hel contrastmiddel.  Een
speciale filtertechnick wordt beschreven, waarmee geconmpenseerd kan worden voor het he-
wegende weefsel, De methode is getest voor verschillende contrastimiddelen {Quantison™,
Levovist® en SonoVue™) en levert zowel in een stilsiaande als in een bewegende omgeving
resultaten o die vergelijkbaar ol beter ziju dan resultaten verkregen met de uidige tocgepaste
detectiemethoden. Naar verwachting zal met belidp van cen speciale transducent de
voorgestelde methode aanzienlijk beter presteren dan de huidige methoden. Deze methoden
worden nitvocrige beschreven in hoaoldstuk 6, en de bepoerkingen van ieder methode worden ge-
noemd en geillustreerd aan de hand van voorbeelden. Teveus worden de eerste in vivo resultalen
vail e nieuwe detectiomethode, zoals voorgesteld in dit proefschrift, gepresenteerd.

Nieuwswe toepassingen voor ingekapselde gasbellen in combinatic met ullragelnid worden
beschreven in hoofdstuk 7 en 8. Deze betreffens het niet-invasiel bepalen van de omgevings-
drk in cen met vioeistof gevulde ruimte en het lokaal toedienen van medicijnen met beludp van
ultragehaid. Beide methoden ziin gebaseerd op het *dualistische”™ scattergedirag woals heschreven
in hoofdstuk 3. Voor de nict-invasieve drukmeting wordt met hehulp van ulirageluid de
verdwijntijd gemeten van de vrijgemaalte gashbellen. Aan de hand van i vitro experimenten
woldt aangetoond dal er een significant verschil is tussen de verdwijntijden bij verschiilonde
waarden van de omgevingsdrule, resulterend in een snellere verdwijntijd voor cen hogere druk.
De methode is geschikl om drukverschillen van ongeveer 50 mmHg waar te nemen.

Tevens is het mogelijk om de ingekapselde gashellen te gelruiken als dragers voor medicijien.
Met bhehulp van ultrageluid kunnen de bellen enerzijds worden waargenomen in het mensclijk
lichaam, en auderzijds is het mogelijk om onder invleed van nlirageluid de medicijuen op cen
gecontroleerde manier vrij te maken. Een van de grote voordelen van dese technick is dat de
concenlratie aan medicijuen in het lichaam laag is, met als gevolg dat schadelijke bijeffecten
beperkt en gecontroleerd kinnen worden. Hoofdstuk 8 laat zien dat het mogelijk is om een stot
opgesioten in de schil van eon bel vrij te maken met behulp van nltrageluid.

Tenslotle worden in hoofdstuk § microscoop opnamen beschreven van individuele SonoVu
bellen onder invleed van ultrageluid. Door gebruik {e maken van een snelle camera is het
mogelijk om real-time het trillen van de bel te registreren. Voor lage akoestische drukken is er
een overcenkomst tassen de radins-tijd eurve, afpeleid uit de optische opnames, en de racius-tijd
curve volgens theorie, Voor hoge akoestische drukken verschillen theorie en metingen significant.
Dergelijke opnamen leveren belangrijke informatie op over de interactie tussen contrastbellen
en het wltrageluid. Dil Is essentice]l voor de onfwikkeling van nicuwe delectiestrategiedn, en
voor de ontwikkeling van technicken zoals ‘uitrasound divected drug delivery’,

Concluderend kan worden gesteld dat uitrageluids contrastmiddelen de toepassingen van
medisch ultrageiuid aausienlijk zullen nithreiden. Vooral het meten van de doorbloeding/zuun-
stofvoorziening van de hartspier (of andere organen) zal met behulp van ultrageinids contrast-
micklelen een enorme nitbreiding en vercenvoudiging betekenen voor de klinische diagnostiek.
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