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Bij onze voorstellingen en beschouwingen omtrent de krachten der natuur maken wij
voortdurend gebruik van symbolen die wij, indien zij voldoende representatief zijn,
vereren met de naam theorieén. Zo schrijven wij op grond van bepaalde analogieén
elektrische verschijnselen toe aan de werking van een eigenaardig fluidum, dat nu
eens vioeit en dan weer in rust is. Dergelijke voorstellingen hebben voor- en nadelen.
Zij bieden de geest een tijd [ang een vredig onderdak, maar begrenzen hem ook, en
op den duur, als de geest deze woning ontgroeid is, is het dikwijls moeilijk de muren
te doorbreken van wat een gevangenis is geworden in plaats van een tehuis.

John Tyndall (1877}
uit: Keerpunten in de Fysica
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BACKGROUND

Abstract

Historical aspects of cavitation are reviewed as these are important for describing and
understanding the interaction of medical ultrasound and current echocontrast agents.
The potential clinical applications of the contrast agents within echocardiology are
also discussed. The determination of myocardial perfusion after intravenous injection
promises to be the most important dinical application. A short description of some

commercially available contrast agents together with a couple of home-made agents
is presented.
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Introduction

The field of contrast echocardiography traces it's origin to the work of Gramiak’ and
colleagues at the University of Rochester, NY, USA, which was first published in
1968. While performing M-mode echocardiography, he observed the appearance of
a cloud of echoes during intracardiac injection of indocyanine green dye, a frequently
used substance for measuring blood flow. It was subsequently discovered that the
injection of almost any liquid through a small bore needle or catheter would produce
this contrast effect. The source of this effect was atiributed to microbubbies
generated during injection as a result of cavitation at the catheter tip®. Cavitation and
contrast echocardiography have thus turned out to be very dosely related and some
production methods of ultrasound contrast agents are based on this cavitation
principle. Furthermore, theoretical expressions describing cavitation have proved very
useful for understanding the mechanism of scattering of ultrasound of gas bubbles.
Atchley® has given an excellent overview of the historical background of the
cavitation research. To place developments in contrast echocardiography in clear
perspective this historical background is briefly summarised.

Historical technical aspects of cavitation

Perhaps the first type of cavitation ever observed was the formation of bubbles in
liquids supersaturated with gas. This form of cavitation is familiar to anyene who has
ever opened or poured a carbonated beverage. Tomlinson* has described a series of
experiments performed with sodawater and various solids. He contends that if the
solids are "chemically clean” no bubbles will form. However, if the solid initially
chemically clean, should come into contact with a dirty cloth, unclean air, or dust
particles, copious bubbles form on it when it is immersed in soda water. As an
explanation, Gernez® proposes that the outgassing of supersaturated gaseous
solutions, such as scdawater, is caused by gas pockets embedded in the fissures
found on the surface of every solid, regardless of its degree of finish. This is a form
of cavitation that requires gaseous diffusion to “pump up" gas containing nuclei until
they grow large enough to rise to the surface of the liquid. '

At about the same fime when Tomlinson and Gernez were doing their work (1869),
another type of cavitation was being investigated. This cther form of cavitation has
its origin with the conception and developments of hydrodynamics. Not until
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Bernouilli® set down the guidelines for this new branch of science in 1738 was it
understood that a negative pressure could be produced within a liguid. In the
following years Euler and d'Alembert debated the consequences of negative
pressures’. Euler believed that the application of a negative pressure could result in
a rupture of the liquid, while d'Alembert refused to accept this view. The rise of
cavitation as a topic for science began with the development of high-powered, high-
rpm steam turbines in the mid 1800's. With this advance came the means of moving
an object (such a propeller) through a fluid rapidly enough so that the object lost
contact with the fluid. In fact, the term "cavitation" was first used by Thomycroft®
in his observations of propeller inefficiency in torpedo boat destroyers. Not only the
inefficiency, but of much greater concern was the propeller erosion. In fact, this
problem was so critical that in 1915 the British Admiralty appeinted a special
committee to investigate this phenomenon, and in 1917, Lord Rayleigh® became
involved. His typically straightforward and ingenious solution of the equations
governing vapour cavity dynamics remains useful to this day.

Cavitation can be split intc 2 main categories. First, the hydraulic cavitation which
occurs with ship propeilers, pumps, turbines, etc. Second, the acoustic cavitation,
which describes the conception, growth and collapse of gas or vapour bubblesin a
liquid exposed to a dynamic pressure. Sound waves produce such negative dynamic
pressures because of their sinusoidal nature. Here controlling of the driving pressure
is an important parameter, which is absent in the hydraulic cavitation. The tensile
strength of a homogeneous liquid is defined as the limiting negative pressure that the
liguid can withstand before a new stable phase forms, e.g. cavitation occurs. Putting
liquids under stress and considering the consequences and measuring the tensile
stress in to a liquid started in the mid 1800’s. These static measurements form the
basis for the present-day acoustic cavitation, which are actually studies of the
dynamic tensile strength. Acoustic cavitation was first observed during the period
from 1915 to 1920 by Langevin and his co-workers while he was pioneering the field
of ultrasonics™. Séliner’” was one of the first to observe cavitation in degassed liquids
at room temperature and atmospheric pressures. in the 1930's and 1940's a number
of other researchers investigated various aspects of ultrasonic cavitation and at that
time the fundamental problem of cavitation was well formulated. Numerous
measurements of the cavitation threshold, i.e. the tensile strength of water, yielded
results in the range of 1-25 bar and even a tensile strength as high as 300 bar has
been reported'. What could account for a discrepancy of this order of magnitude ?
Failure in solids under tension is usually attributed to an imperfection in the solid. The
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same logic was applied to the failure of liquids and resulted in theoretical predictions
for a cavitation threshold of water on the order of several thousand bar’. The
presence of inhomogenities in liquids, i.e. nucléi, as a source of the inception of
cavitation resulted in numerous models. The most important was proposed by
Harvey', who suggested that stable gas pockets located in crevices found on dirt
particles accounted for the cavitation. A different type of nucleus was suggested in
1954 by Fox and Herzfield™, which consisted of a gas bubble surrounded by a rigid
skin of organic molecules. Strasberg' reported, however, that the crevice model
offered the best explanation for his extensive set of measurements.

Interaction of accustics and bubbles

The earliest reference to bubbles as sound sources was made by Bragg' who
attributed the murmuring of a brook and the plonk of droplets falling into water to
entrained air bubbles. Minnaert’” has since shown that the sound generated by gas
bubbles in liquids is associated with simple volume pulsation of the bubble without
changing shape. The bubble behaves as a simple damped osciliating system with one
degree of freedom. Therefore, the differential equation of motion is of the same form
as the classical mass-spring system. He derived for this system the frequency at which
resonance occurs, assuming an adiabatic equation of state for the gas in the bubble
and neglecting surface tension and damping factors. At that time experiments
showed that liquids containing gasses possess higher sound damping characteristics
than those which are gas free. Sérensen™ concludes that just a few widely dispersed
bubbles, which are so small as to be invisible, can have an appreciable acoustic effect.
Fox™ also carried out attenuation measurements on bubbly liquids and came to a
similar conclusion as Sorensen. The first theoretical description of the behaviour of
gas bubbles exposed to an acoustic field together with some aspects of collapsing
bubble was described in 1950 by Noltingk and Neppiras®. During collapse the walls
of the bubble rush inwards until the cushioning action of the gas within the bubble
stops the radial motion. At the end of the collapse the contents of the bubble is
highly compressed and high instantaneous temperatures may occur within the
bubble, depending on the degree to which adiabatic conditions still apply. Assuming
strictly adiabatic conditions they calculated, at room temperature and an ambient
pressure of 1 atmosphere, that the internal temperature of a collapsed bubble would
reach the order of 10° degrees Celsius. In 1951 Poritsky”’ investigated the effect of
several types of damping connected with the motion of cavitation bubbles and
concluded that the viscous damping component dominates for very smalf bubbles.

4
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Later, in 1959, Devin® thoroughly surveyed the fundamental processes by which
pulsating bubbles dissipate their energy. This included the portion of energy radiated
in the form of spherical sound waves, that part which is transformed into heat energy
during the polytropic compression and expansion of the enclosed gas, and that part
of the energy lost in viscous dissipation. In 1954 Fox™ concluded that the cavitation
nuclei consist of very small gas bubbles stabilized by an organic skin, which
mechanically prevents loss by diffusion. He also calculated the higher resonance
frequency of such bubbles. In 1955 Strasberg™ described gas bubbles in a liquid as
sources of sound, referring to the experiments of Brag. He considered that the gas
bubbles initiate volume pulsation when subjected to a force, e.g. gas bubbles
entrained in a liquid passing a fixed body or bubbles formed at a nozzle when they
separate. In 1964 Fiynn developed a thorough description of the cavitation
phenomena including aspects of transient and stable cavitation, tensile strength of
fluids and the influence of nuclei in the fiuid, equation of motion and possible non-
linear effects, as well as results from several experimenters. In 1968 Tucker™
suggested that the second harmonic, which is the result of the non-linear behaviour
of bubbles, is a very sensitive indicator for the presence of bubbles. One year later,
Welsby?® developed an analytical method to describe the first as well as the second
harmonic of the bubble motion. Lauterborn® performed numerical studies on the
near resonance behaviour of gas bubbles in 1976 for which only the viscous damping
was included in the sub- and superharmonics. In 1977 Medwin®® described the
scattering, absorption and extinction cross-section for the linear case including all the
damping factors for all bubble sizes. Miller” described in 1981 the ultrasonic
detection of resonant cavitation bubbles in a flow tube by their second harmonic
emission. The experimentally determined values he measured on small bubbles of 4
wm diameter agreed well with theory, which was analytical and comparable with the
derivation given by Welsby. Eatock™ studied the magnitude of the non-linear effect
in the scattering of ultrasound by nitrogen bubbles in water using a numerical
approach, for ultrasonic frequencies and at amplitudes typical for diagnoestic medical
devices. He was interested in possible bubble detection in blood or tissue for
application in decornpression research. He included all the damping mechanisms,
viscous, thermal and reradiation, as well as the polytropic exponent and concluded
that the application of the non-linear effect to the detection of bubbles would be
limited to bubbles smaller than 10 pm. Chapelon® described in 1987 a system for
detection and sizing of moving bubbles. He noted Doppler shifts on the sidebands
generated at the sum and difference of two impinging frequencies. In 1988 Tamura™
described acoustic measurements on elastic microcapsules. He used the dependency
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of the resonance frequency on the ambient pressure o calculate this ambient
pressure, out of attenuation measurements, using a double frequency Doppler shift,

Historical clinical aspects of contrast echocardiography

While nautical engineers and physicists were developing the theocretical basis of
bubble cavitation, applications in diagnostic medicine was non-existent until the work
of Gramiak'. They observed the appearance of echoes in the bloodstream on M-
mode echocardiography during injection of indocyanine green dye. Shortly thereafter
it was discovered that other fiuids produced similar results. The generation of bubbles ‘
at the injection site was attributed to the effect of injecting a fluid-gas mixture
through a small bore. Due to the very nature of the bubble generating method, the
contrast effects discussed in those early days invoived only free-gas bubbles with
inherent shortcomings such as indeterminate size, short life-time and inability to
transverse the lung circulation. Still this exciting new tool in echocardiology was
explored by a large number of investigators. The common denominator of this
research was to determine in what way this new method could enhance the
diagnostic potentials of echocardiography. An excellent overview of the research
activities on contrast-echocardiology in the period 1970-1980 can be found in
" Contrast Echocardiography” edited by Meltzer and Roelandt™.

The application of contrast agents in echocardiography included the following topics:
- identification of cardiac structures,

- detection of intracardiac shunts,

- visualization of blood flow in M-mode,

- detection of valvular regurgitation,

- analysis of complex congenital heart disease,

- cardiac output determination by indicator dilution curves.

Apart from the injection of the contrast material directly into the left side of the
circulation by means of a catheter, left sided applications of contrast bubbles after
intravenous injection were not possible because of the blocking action of the lungs.
The first breakthrough in this area was the development of encapsulated
microbubbles by Rasor Associates of Sunnyvale, CA, USA. Their use for indicator
dilution measurements was first reported by Bommer™. Also the possible application
of encapsulated microbubbles for the remote sensing of local blood pressure looked
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very promising". However, necessary improvements in the production process and
official registration turmned out to be a time consuming effort.

Towards the end of the period 1970-1980 there was still reason to doubt whether
the lung barrier could be crossed by microbubbles surviving long enough in the
circulation to reach the left heart. Hustrative for the somewhat wild ideas at that time
is the following quotation from Melizer®® proposing several possible methods to
achieve enhanced contrast of the left heart in spite of the lungs.

A very active surfactant might be able to stabilize bubbles small enough to pass
pulmonary capillaries so they would survive until they reached the left heart
before dissolving.

A solid coat might protect a 'mini-microbubble’ so it can traverse the pulmonary
capillary bed without dissolution due to diffusion or surface tension effects. There
is preliminary work suggesting that such a method, using a saccharide coating,
can be successful.

A liquid, such as diethyl ether, could be administrated intravenously and pass
through the pulmonary capillary bed in a liquid state, but then boil on the left side
of the heart, yielding a gas phase and therefore ultrasonic contrast.

A liquid or combination of substances could be administered intravenously which
would pass through the lungs and undergo a chemical reaction on the left side of
the heart, yielding a gas. The most likely candidate would be carbon dioxide,
because it is relatively nontoxic and many chemical reactions liberate large
quantities of carbon dioxide.

Bubbles of gas can be forced through the capiliary by the increased local pressure
that could be applied by an injection through a catheter firmly in the pulmonary
wedge positicn.

An inhaled gas might, due to its composition and pressure, sufficiently alter the
local partial pressures in the alveoli and capillaries that intravenously injected
microbubbles would grow rather than decay during their transit through the
lungs.

High energy uitrasound can be focused on a point within the left heart o cause
cavitation.

Lower energy ulirasound than that necessary to cause cavitation could be
employed to cause growth rather than decay of peripherally injected
microbubbles, using the mechanism of ‘rectified diffusion’.

A liquid of sufficient acoustic impedance difference from blood to yield ultrasonic
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contrast could pass through the pulmonary capillary bed without the difficulties
faced by gas bubbles. It is possible that suspensions of specially treated collagen
or gelatin may fit into this category.

A combination of two or more of these methods.”

In the period 1980 until now many clinical experiments have been carried out in
order to make contrast echocardiography an established technigue. in the beginning
of the 80's investigators were forced to use home-made contrast agent out of
necessity. Later in the decade some commercial products could be used, while in the
registration phase. In the early 80's studies were focused on determining myocardial
perfusion and it was shown that areas of normal and under perfusion could be
visualised™ . By 1984 sufficient progress had been made that the American College
of Cardiology organized a seminar dedicated to myocardial contrast
echocardiography. Feinstein™ reported sonication studies which produced small and
stable microbubbles. Ten Cate™ described a transpulmonary contrast effect but of
limited usefulness for myocardiai perfusion imaging. Also a videodensitometric
method for quantifying myocardial perfusion studies was presented®, which initiated
increased interest for computerised systems.

Safety of contrast agents is reported in the years after. Both the intracoronary use of
sonicated Renografin®*® as well as intravenous use of commercial product as
Albunex and Lechovist has been investigated**, Thereafter more pathophysiologic
studies were performed. Ten Cate® described the possibilities to determine the
stenosis of the left anterior descending coronary artery by the contrast outwash in
the interventricular septum and Cornel”” who incidentally reported the Thebesian
vein outflow in humans visualised by echocontrast. Cheiriff*® and his group described
myocardial perfusion studies o determine coronary flow reserve before and after
Percutaneous Transluminal coronary angioplasty (PTCA). Coronary collateral
perfusion after myocardial infarction or PTCA can be assessed™°. Also, successful
thrombolysis, resulting in a patent coronary artery, is often not accompanied by a
return of normal perfusion or wall motion®'.

Contrast agents

The key to further developing the above clinical diagnostic procedures, as well as
discovering entirely new techniques, lies in the development of contrast agenis
meeting specific requirements. In 1989 Ophir and Parker™ reviewed the contrast
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agents which have found application in diagnostic ultrasound over the last two
decades. They distinguish five different types of agents: free gas bubbles,
encapsulated gas bubbles, colloidal suspensions, emulsions and agueous solutions.
During this period a variety of materials, mostly home-made, have been tested for
potential clinical application. A selected sample is reviewed below.

Home-made contrast agents

Carbondioxide. There is extensive experience with intravascular use of carbon dioxide
in radiology, especially for the diagnosis of pericardial effusion®. However, carbon
dioxide does not pass the pulmonary capillaries™ and has only limited prospects.

Hydrogen peroxide, in diluted form, has been used as a contrast agent in animal
studies®™. When injected into blood, the molecule splits with the aid of the catalytic
action from the peroxidase in leucocytes, resulting in the liberation of free oxygenin
sufficient quantities to form local gas bubbles™. Although low doses may be
harmless, higher doses clearly can cause air embolism®.

Lipid coated bubbles as described by Simon® increases the echogenity in tumors in
the brain of rats after intravenous injection. The mean diameter of these
microbubbles is 3 um, with an upper limit of 6 um.

Ultravue is a registrated trade mark of Delta Biotechnology Lid, Nottingham,
England. The microparticles are formed from recombinant albumin and must be
suspended in demi-water before use. The particles are smaller than 8 um, the
thickness of the shell is in the order of tenth of a um and they are filled with gas.
Animal studies have shown that they give a good opacification of the myocardium
after injection in the left ventricular cavity.

A number of university based groups have also explored encapsulating air bubbles
in order to improve their longevity. Examples include polymer-coated microbubbles™
and elastic microcapsules®™, but the resulting spheres are larger than 10 um, the
critical dimension for passing the fung capillary bed.

Sonication products. Many reports have been published based on sonicated contrast
agents, which have found application in specific clinical areas. These are mostly based
on radiographic agents such as Renografin-76%, sorbitol, dextrose or saline which are
sonicated with a 20 kHz high intensity sonicater®” just prior to use. The reported
microbubble size varies from 6 to 11 um mean diameter for the different agents. The
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persistence (half-life) varies from 10 to 30 seconds®™. Not all of these agents are
suitable for intravenous injection. Particularly those agents having a high viscosity
and a high osmolarity can influence the coronary flow, left ventricular function and
hemodynamics.

Commercial contrast agents

Contrast agents, which are now under evaluation in clinical trials and close to
registration are:

Albunex is a tradename of Molecular Biosystemns, San Diego, California, USA. The
agent consists of encapsulated gas filled microspheres suspended in human serum
albumin. The shell of the microsphere is formed during the preduction process and
consists of denatured protein molecules. The mean diameteris 4 um and 95% of the
microspheres are smaller than 10 um. After intravenous injection this product
opacifies the echocardiographic image of the left ventricular cavity.

SHU 454 and SHU 508A are registered trademarks of Schering AG, Berlin, Germany.
Both products are Saccharide based and the microbubbles are formed immediately
after mixing specially manufactured microparticles and a water based galactose
solution. SHU 454 has a mean diameter of 3 um and is intended for the opacification
of right heart. This product was registered in 1991 (in Germany) and was the first
microbubble product to achieve this status. SHU 508A consists of bubbles ranging
in diameter from 2 to 8 um, with 95 % having a diameter of iess than 6 um. Clinical
studies have confirmed that they pass through the pulmonary bed and produce
opacification of the left side of the heart.

Potential clinical application of contrast agenis

Cardiology:

Two main areas of application can be currently identified involving either intravenous
or intracoronary injection of the agent. This distinction is made because of the
observed difference in size distribution and concentration of the contrast agent when
it enters the coronary system after intravenous injection. This is due to pressure
stability, filtration of the pulmonary circulation, and longevity of the agent in blood.
If these effects could be minimized, the distinction would no longer be necessary.

10
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Intravenous applications:

Detection of the endocardial border. The endocardial border definition can be
improved resulting in better imaging of wall motion abnormalities.

Left ventricle function. Cardiac output or LV ejection fraction can be determined
from the washout characteristics of the contrast agent.

Quantification of valvular regurgitation. Doppler color flow mapping is currently
used to assess mitral and aortic regurgitation. This method is based on blood
velocity, rather than volurne flow, but it is conceivable that videodensitometry
using contrast agents could provide a method of evaluating valvutar regurgitation.
Congenital heart diseases. Detection of atrial and ventricular septal defects,
transpositions, etc.

Left ventricle flow patterns. The visualization of streaming down the septum in
early diastole, and along the lateral wall toward the LV outflow tract may be
useful forassessing abnormal intraventricular flow patterns and diastolic function.
Enhancement of Color Doppler signals. All the current applications of Color
Doppler can be improved by adding a specific amount of contrast agent.

Intracoronary applications:

Determination of perfusion area. Determination of the perfusion territory for a
given coronary artery and examine of possible collateral perfusion.

Regional perfusion and coronary flow reserve. Measurements of the contrast
effect before and after angioplasty relates to the success of the procedure.
Visualization of Thebesian vein outflow.

Patency of CABG (coronary artery bypass grafts).

Perfusion of coronary artery implants during surgery.

Assessment of the results of surgery for VSD (ventricular septal defect).

Potential applications:

Pressure measurements. Some acoustic properties of the contrast agent depend
on the ambient pressure and provide a mechanism for deriving left ventricle
pressure.

Confrast imaging. The nontinear vibration of the contrast agents provide a
mechanism for better definition of intracardial images.

1
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Outside Cardiology:

- Gynaecology. Determination of the tubal function, tubal flow, and perfusion of
the placenta.

- Urology. Determination of urodynamics. Investigation of the Kidney.

- Surgery. Intraoperative liver perfusion for enhancement of tumors.

- Phlebocontrast sonography. Determination of venous hemodynamics. Vena Cava.

- Neurology. Determination of carotid flow.

Aim of the study

Uitrasound contrast agents have been used in the medical diagnostic field for a
number of years and for very different purposes. These agents have been employed
when echo images proved inadequate or when further information about the blood
flow was required. Originally, contrast agents were home-made, being produced
simply by passing saline through a three-way stopcock. Such bubbles were quite
large and their use was limited, for example, to detect ventricular septal defects.
Although Color Doppler has made it possible to visualize blood flow inside the heart's
chambers, there has been a renewed interest in contrast agents in recent years. As
a result, a number of firms have announced plans to extend their current product
line, (R&ntgen and/or magnetic resonance contrast agents) to the field of ultrasound
imaging.

The most important properties of these products are safety (biodegradability, non-
toxicity, etc.) and effectiveness. Although the principal effect is the enhanced
backscatter, there are other properties which can be exploited, and in the long run
these may prove to be of greater importance. This thesis investigates the basic
ultrasonic properties of contrast agents, especially contrast agents consisting of gas
bubbles, particularly encapsulated gas bubbles. The basic properties include not only
an enhancement of the backscatter signal, but also a change in the acoustic velocity
of & medium containing gas bubbles. Resonance phenomena and an increased
nonlinear vibration as function of the applied acoustic pressure are important
characteristics of contrast agents. These properties have been investigated by
computer modelling and acoustic measurements for frequencies in the medical
diagnostic range. Furthermore, phase 1 studies on healthy volunteers, using a
commercial available echocontrast agent, have been conducted and the results are
compared with a theoretical model.

12
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The acoustic behaviour of gas bubbles and encapsulated gas bubbles are now
generally well understood and the developed theory can be used for analysis of
clinical contrast studies. This opens the perspect for entirely new applications of
echographic contrast imaging.
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BASIC PRINCIPLES
OF ULTRASOUND CONTRAST AGENTS

Absiract

The behaviour of gas bubbles and gas encapsulated spheres as an echographic
contrast agent is reviewed, Compared with rigid spheres, gas bubbles are superior
scattering agents, and they offer a number of useful properties which can be
exploited in a variety of ways. The analysis of their velocity of sound, backscatter
intensity, second harmonic emission, and resonant frequency ali open new
perspectives for the development of contrast agents for echocardiographic research
with potential clinical applications.

This chapter is based on a manuscript, which has been published:

Title : Principles and recent deveiopments in ultrasound ¢ontrast agents
Authors @ N. deJong, F.). Ten Cate, C.7. Lancée, J.R.T.C. Roelandt, N. Bom
In : Ultrasonics 1991 29(4)
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Chapter 2

Introduction

The most important property of ultrasonic contrast agents remains their capacity to
enhance the backscattered signal. This has been employed in combination with
conventional two-dimensional imaging to create images of greater clarity. It is
anticipated that this property will continue to play an important role in contrast
echocardiography for the foreseeable future. Nevertheless, there are other properties
of ultrasonic contrast agents which can provide additional information related to the
physical properties and characteristics of the fluid carrier. Depending on the
application (cardiology, abdominal studies, eic.) a variety of contrast agents are
currently employed. These include free and encapsulated gas bubbles, colloidal
suspensions, emulsions, and agueous solutions as recently reviewed by Ophir and
Parker'. They also indicate that in terms of an enhanced backscatter signal the most
promising contrast agents are free or encapsulated gas bubbles, which are superior
to colloidal suspensions, emulsions, or agueous solutions.

This report deals with contrast agents most commonlty used in the field of cardiclogy,
where free and encapsulated gas bubbles predominate. An analysis of the uktrasonic
properties of liquids containing small gas bubbles is reported and this is compared
with the properties of liquids containing rigid spheres. The persistence of gas bubbles
in a liquid is of particular importance and is described in detail. Finally, some
additional properties of a liquid containing gas bubbles, which have potential
applications in ultrasonic studies, are considered.

Physical mechanism of conirast agenis

Particles can be detected by ulirascund when they possess acoustical characteristics
which differ from the surrounding medium. This means a difference in speed of
propagation, density, or absorption. In general, the physical size of contrast agents
is much smaller than the wavelength of the acoustic field (at 3 MHz the wavelength
in water is 0.5 mm). An important property of such a particle is the scattering cross
section (X)), which is defined as "the amount of scattered power divided by the
incident intensity". The X, can be described for the long wavelength situation
assuming the Born approximation®:
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L. = scattering cross section

R = radius of the scattering element

k = wave number, (= 2r/}, A = wavelength)
¥, = compressibility of the scatfering particle
K = compressibility of medium

ps = mass density of scattering particle

p = rmass density of medium

A = amplitude term (=4/9 nk'R®)

v, = compressibility term

v, = density term

This formula denoting the X, for one particle with a size much smaller than the
wavelength is of critical importance in evaluating different contrast agents. Let us first
consider the amplitude term A;. This shows that the X, increases with the radius of
the scattering particle to the sixth power, and with the frequency to the fourth power
(wavelength is equal to the acoustic velocity divided by the frequency). Thus, given
a particle of a specific radius, the 2, is strongly influenced by the applied frequency.
However, at this stage in the formula this is equally true for afi contrast agents and
therefore irrelevant for comparing one agent with another.

The second term v, of the formula describes the effect of the difference in
compressibility of the scatfering particle and the surrounding medium. The third term
v, describes the influence of the density difference between the particle and the
medium. Note that when the compressibility and the density of the particle are equal
to those of the surrounding medium, X_is zero. Likewise, the greater the difference
in these two quantities the greater the magnitude of X

Differences in compressibility and density determine the value of this part of the
formula and therefore the total scattering cross section. In order to determine which
parameter has the greaterinfluence on X, consider two extremely different scattering
particles: a rigid sphere and a gas sphere of the same radius (1 um). At an applied
frequency of 3 MHz, the wavelength is 0.5 mm in water {note that the scattering
particle is much smaller than the wavelength). The density of water is well known
(1000 kg m) as is the compressibility (0.45 107 m* N™").
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Table ll-a  Comparison of components in equation [II-1] for an air bubble and an iron
particle with a radius of 1 pm.
p K Ay 12 173 y? z,
(kgm®  (M'NT) (m9) (m?)
Air 1.2 7610% | 3510% | 2910° 3.0 107"
fron 7800 55107 3.5107%° 0.976 05 510%

By way of an example, suppose the rigid sphere consists of iron which has a very high
density (7.8 times that of water) and a low compressibility. Suppose the gas sphere
consists of air (density 1.2 kg m™, compressibility 7.65 10° m* N™"). The constituents
of the formula for X, are shown in Table Il-a. There is a remarkable difference in
scattering cross-section. The air bubble of 1T pm has a scattering cross-section of more
than 100 million times that of a rigid sphere of the same size. Although there is a
large difference in density, the contribution of the density term v, to the total X_is
relatively low, while the compressibily term has a significant effect. The lower
compressibllity of iron compared to that of water results in a negligible contribution
of this factor. Generally, all spheres composed of rigid materials have a low
compressibility which results in a negligible contribution to X, while all gasses have
a significant impact on %,

When using gas bubbles as a contrast medium, there is another important effect
resulting from mechanical resonance of the bubble which involves its stiffness and
inertia. This effect is important because & resonating bubble effectively yields an
increase in X The stiffness is that of the enclosed volume of gas which acts like a
spring when the bubble is disturbed from its equilibrium radius. The inertia is
principally due to the mass of the liquid surrounding the bubble which oscillates with
it. The simplest approximation of the resonant frequency is given by Anderson®;

-1 |3 [1-2]
T O2mRN p
resonant frequency
radius of the bubble
Pressure

C,/C, (ratio of the heat capacity at constant pressure and constant volume)
density of surrounding medium

© = DT
T T O
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In the above formula the resonant frequency is inversely proportional to the radius.
For an adiabatic process with the heat capacity ratio of 1.4, the resonant frequency
for a bubble radius of 2 um in water, under normal atmospheric pressure, is 1.6 MHz.
More compilicated expressions for the resonant frequency, which include viscous and
thermal losses and the effect of surface tension, are described by Anderson®. The
surface tension will increase the resonant frequency while the viscous and thermal
losses will resultin a lower frequency. This effect becomes important for bubbles with
a radius of less than 10 um.

Generally, the pertinent physical properties of gas bubbles resuit in their natural
resonant frequency being much lower than that at which interference phenomena
occur inside the bubble. These effects become important only when the resonant
frequency approaches the velocity of sound divided by the radius of the bubble
{wave number times radius approaches one).

1000000

100000
2pm 1pm

10000

1000

100

Scattering cross-section
{ur?)

10

0 1 2 3 4 5 6
Freguency (MHz)

Figure 2-1  Scattering cross-section of a gas bubble as function of frequency for three radii;
1,2 and 6 um.

The frequency dependence of the scattering cross-section is shown in Figure 2-1
computed for an ideal gas. It is assumed that the bubbles resonate in a lossless
medium. The surface tension is included and equals 72 Nm™ for an air-water
transition. At frequencies below resonance the X increases with frequency to the
fourth power as described previously. At frequencies above the resonant frequency
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the normalized X, has a constant value independent of frequency. Here the bubble
has a ¥, which is equal to the physical cross-section, and acts like a normal reflector.
At intermediate frequencies the bubbles resonate and the ¥, can reach peak values
a thousand times higher than that predicted by formula [11-11.

Persistence of spheres containing gas

The reason that contrast agents containing bubbles of gas must have a radius larger
than 5 pum, is based on the persistence of bubbles in relation to time required for the
bubbles to pass from the site of injection to the site of detection®. Smaller bubbles
tend to disappear before detection. On the other hand the bubbles must be small
enough to traverse the lung circulation. Bubbles with radii larger than 5 um are
trapped in the lung microcirculation and do not appear in the left ventricle. Gas
bubbles normally disappear rather quickly in a liquid, and a thorough analysis of this
phenomenon has been carried out by Epstein and Plesset’. The differential equation
describing the change in equilibrium radius with time, in a still liquid, is shown as
equation [Ii-3].

C.i -1 - 2c
dr - Dd, {Co R Ph3 (1 - R ] n-31
a R4, 5% /=Dt
3R *
R = radius of bubble
D = diffusion constant {air-water)
C/C, = ratio of the dissofved gas concentration to the saturation concentration
s = surface tension
P, = ambient pressure
dr = (R, TCJ/P,, R, = universal gas constant
T = temperature { Kelvin)
C, = saturation concentration

The rate of decrease of bubble radius is a direct measure of the rate of disappearance
of the bubble. This is determined by the diffusion constant which is dependent on
both the gas and the fluid. The parameter d, is a constant for a given temperature
and medium.

The first bracketed term in equation [1-3] relates to the amount of gas which has
been already dissolved in the liguid. The bubbie's surface tension is, in fact, the
mechanism responsible for the bubble's disappearance as this generates an
overpressure inside the bubble. The second bracketed component of equation [11-3]
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is known in the field of thermodynamics as the "solution of the penetrations -
theories" and denotes how far and how fast the gas saturates the liquid.
This differential equation can be solved numerically (for example, by Runge-Kutta
methods). The results of such computations are shown in Table II-b which lists
disappearance times for several bubble sizes ranging from 1 to 1000 um.

Table {I-b  Dissolution time (s) for air bubble in water (surface tension 70 x 10°% Nm™; T =

300 K.
Sphere radius Dissolved gas concentration
(um)
¢,/ Cy =1 C./C,=0
1000 6 10° 110°
100 600 100
10 6 1
1 <1 <1

Bubbles with radii larger than 100 pm disappear slowly in relation to the total
circulation time, while bubbles less than 10 um disappear too rapidly even in a
saturated liquid to be of any practical use. The rate of disappearance depends on the
dissolved gas concentration and in 2 saturated liguid the rate of disappearance is
reduced by a factor of six.

in the event that the liquid becomes oversaturated with gas, it is possible for bubbles
to grow depending on their size and surface tension. This is illustrated in Figure 2-2
which shows regions of stability/instability as a function of gas concentration and
bubble radius. In the upper-right region the bubbles grow while in the lower-left they
shrink. Figure 2-2 illustrates the point that bubbles with very small radii, less than 5
um, can be made to grow to visible size with only modest dissoived gas
concentration ratios, but it is virtually impossible for bubbles smaller than 1 um to do
50.
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Figure 2-2  Stability curves for bubbles in a liquid for surface tension of 0.03 (~—) and 0.07
---) Nm™.

Characteristics of fluids containing small gas bubbles

As a contrast agent, gas bubbles are far superior to rigid spheres. In addition to an
enhanced backscatter signai, there are other characteristics of the gas bubble-liquid
system which characterise the system. The presence of small gas bubbles in a fluid
change the acoustic properties of the media. Although the most well known is the
enhanced backscatter, there are other characteristics which change and these can be
observed by appropriate ultrascnic technigues. Some have definite potential for
further development. They include:

1. acoustic velocity

2. backscatter intensity

3. second harmonic response

4. resonant frequency

1. Acoustic velocity

The velocity of (ulira)sound varies widely depending on the compressibility and
density. For example, the velocity of sound in wateris 1500 ms™, in dry air about 330
ms”, and for ceramic materials approaches 6000 ms™. Both compressibility and

24



Basic principles of ultrasound contrast agents

density change in mixtures of these materials, and therefore the velocity of sound
changes as well, Density and compressibility of mixtures are described by Twersky®.
For small volume concentrations of the mixed component, density and
compressibility are given by:

el
n

V.o, * {1 -vm)pw [0-4]

7
It

VoK, (1 v,

density of suspension

density of the mixed component

density of the original component

compressibility of the emulsion

compressibility of the mixed component
compressibility of the original component

partial volume concentration of the mixed component

o oW
g 3

1 L | R | B 1 A

5<§7§37i?§

The resulting velocity, c, is given by

1 n-5]
€= |
pK

The density of any practical suspension of gas bubbles in water changes very little.
However, due to the large compressibility difference, the compressibility of such a
suspension increases greatly even for small volume concentrations. This resulis in a
correspondingly large decrease in the velocity of sound.

An example of the extent to which velocity decreases in relation to the total gas
content, as a summation of all bubble volumes, is illustrated in Figure 2-3. The
velocity of sound is very nearly that of pure water up to a volume concentration of
10™% at which point the velocity drops rapidly for gas volume concentrations above
this level. Even volume concentrations as low as 0.1% significantly reduce the
velocity of sound transmission. In the extreme situation the compressibility becomes
that of air and the density difference becomes a significant factor, sufficient to cause
an increase in the velocity of sound. The above expianation is valid for small bubbies
and at low frequencies.

For example, for bubbles of 2 pm the relationship is valid for frequencies below 100
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KHz. An extensive review of the velocity of sound in suspensions, covering the full
frequency spectrum has shown that there is no change in acoustic velocity, as a
function of the concentration, for frequencies above the resonant frequency’.

1500

1000

¥

500

Sound velocity (m/s)

0 I 1 - 1 1 L I3
1E-7 1E-6 1E-5 1E-4 1E-3 1E-2 1E-1 1E+0
Fractional air voilume concentration

Figure 2-3  Emulsion sound velocily versus air volume concentration.

There are two ways to exploit the change in velocity of sound in a suspension. First,
the gas concentration can be calculated from the velocity of sound. If the size
distribution is known, the number of bubbles can be determined, which can be used
for 'wash out’ curves. This would provide information on the magnitude of flow and
shunts. Second, the pressure in the liquid indirectly affects the velocity of sound. If
the overpressure is not {oo farge, the gas inside the bubble behaves as an ideal gas.
Thus the compressibility is independent of the pressure. The fractional gas
concentration, on the other hand, decreases with increases in pressure because the
size of the bubbles depend on pressure. For low volume concentrations and a large
difference in compressibility between gas and liguid, equation [11-4] can be simplified
using p = p,, and x = v, x, where p,, is the density of the liquid, v, the volume
concentration of the gas and «, the compressibility of the gas. Equation [iI-6] is
derived by combining equations [i1-4] and [1i-5] together with the finear relationship
between the pressure change and fractional volume concentrations.
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.E = constant fh-6]
c

P
4

pressure
acoustic velocity

HI|

The above equation is valid for a fractional air concentration between 107 and 102,
Practical contrast agents undiluted contain about 2 % gas. After injection, assuming
a dilution of 1:100, the gas volume concentration will be 2x10™. Therefore, it is
possible to determine the pressure from the velocity of sound in the emulsicn
providing all the conditions required for deriving equation [11-6] are fulfilled.

2. Backscatter Intensity

When sound traverses a cloud of particles, each particle produces a scattered wave
which reinforces/interferes with the incident wave. This interaction affects the shape
of the scattered wave. This can result in coherent or incoherent scattering depending
on whether the elements are regularly spaced. Considering a region where the
scattering elements are much smaller than the wavelength and sparsely populated,

then the relative incoherent backscattered intensity at a distance r is approximated
8

by

406 2
Lo,y FRO [1-71
Iy 9 rt

backscattered intensity
incident intensity
number density of scattering particles
occupied volume
wave number
radius of the particle
compressibility term
density term
distance

MR A < 3
T T T R T T TR

Necte that equation [II-7] indicates a linear relationship between the backscatter
intensity and the number of scattering elements. A very important restriction is that
the occupied volume be sparsely populated. In contrast echography the conditions
of a sparse distribution of scattering particles is not necessarily fulfilled. The number
of scattering particles per cubic wave length can be as high as a few thousand. In this
case such effects as muliiple scattering, attenuation, and interference must be taken
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into account. Nevertheless, measurements on liquids with a low concentration of gas
bubbles agree well with the theoretical analysis (Pownser®).
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Figure 2-4  Simulated backscatter intensity as function of concentration.

For high concentrations the resulting backscattered signalis more difficult to evaluate
as the individual contributions of each element to the amplitude and phase of the
backscatiered signal must be determined. The chactic movement of the bubbies as
a function of time alter the phase and the amplitude of the backscattered wave.
Furthermore, multiple scattering should be taken into account. Aithough such a
computation is theoretically possible, doing so in three dimensions for a few hundred
million scattering particles, over a broad frequency spectrum, would require an
inordinate amount of computer time. Therefore a one-dimensional model has been
developed to simplify the computations.

In this one dimensional model the scattering particles are assumed to have a variable
scattering cross-section and to occupy a random position in the ultrasound beam.
The distribution of the scattering cross-section is assumed to be Gaussian. The
position of the scattering particles is based on an equidistant grid where the deviation
in position with respect to the grid is governed by a Gaussian distribution.

Some results of the expected backscatter signal as a function of the concentration of
scattering particles (the bandwidth of the acoustic pulse impinging the particles is
about 100%) is shown in Figure 2-4. The above mentioned distributions both have
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a standard deviation of 0.5 times the mean value. The backscatter signal increases
linearly with concentration for low concentration (as described previously), but for
higher concentrations this is not the case due to phase interference. There are also
rather large variations in the backscattered signal for any given concentration.

Of course, these results are very dependent on the assumed statistical properties.
Given a very low standard deviation, the backscattered signal will even decrease for
higher concentrations and eventually approach zero. Although this model does not
represent reality, it does indicate a few important parameter dependencies which can
be qualitatively projected to a three-dimensional model. The main conclusion which
can be drawn from this computer simulation is that one can expect a backscatter
decrease instead of an increase for higher contrast agent concentrations.
Furthermore, acoustic measurements can vary considerably, and thisindicates a need
for appropriate signal averaging.

3. Second harmonic response of bubbles

The resonance phenomena described previously can be considered a first harmonic
response. Bubbles can also respond to an acoustic field by radiating a second
harmonic. This phenomena is dependent on the acoustic pressure of the wavefront
and on the characteristics of the fluid.

The fundamental principle is illustrated in Figure 2-5. This shows the normal 'first
harmonic' and 'second harmonic’ scattering cross-section as a function of bubble size
at a frequency of 1.64 MHz.

For a radius of less than 1 um the 'first harmonic' X, increases with the sixth power
as described in equation [li-1]. Resonance occurs at a radius of 2 umn at which point
the &, is maximum. For values of radius greater than 2 um X, first decreases, then
gradually increases again due to its own physical cross-section. The second harmonic
(3.28 MHz) X, curve is completely different. There is a very sharp peak at a bubble
size of 2 pm which is only a few decibels lower than the first harmonic response.
Furthermore, there is virtually no energy scattered for larger bubbles. For smaller
bubbles there is a subharmonic present but the value of this is far below the peak
value.

Miller'® has described the above phenomena in a theoretical analysis where only
second order non-linear effects are taken into account. This assumption is valid only
for a relatively low acoustic pressure. Furthermore, he reports an interesting
experiment (described below) in which itis possible to distinguish between smali and
large bubbles by using this secondary emission. Two narrow-band transducers are
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Figure 2-5  First (~-) and second (- - -) harmonic response of a bubble in water.

used: one at 1.64 MHz for transmitling and receiving and the other at 3.28 MHz for
receiving only. The two transducers are mounted in a tube containing bubbles of 500
um and 4 um. His uncorrected results are summarized in Table ii-c. The first two
columns contain the results for the 1.64 MHz transducer. The larger bubbles provide
a greater response which is caused by the larger physical cross-section. Column 3 and
4 show the response for the 3.28 MHz transducer. The large difference in response
between the 4 pm and the 500 pm bubble is clearly apparent. Therefore it should be
possible to discriminate between smail and large bubbles (or objects) by taking
advantage of the second harmonic emissions.

Although such an approach is very promising, much more research is necessary to
cenfirm and extend this approach. For example, the influence of the acoustic pressure
should be linear, and is therefore easily checked. Also the influence of viscosity, as
well as other damping mechanisms, must be considered.
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Tabletf-c  First and second harmonic response of bubbles™.

First harmonic Second harmonic

Small Large Small Large
(4.2 um) (500 pm) (4.2 um) (500 pm)

Response 0.64 288 0.51 0.012
amplitude (mVv}

Theoretical response 0.46 7.8 0.21 0.00026

4. The resonant frequency

The scattering cross-section of bubbles in water, as given in Figure 2-1, shows a clear
irequency dependency. The computations given in this figure are carried out for a
lossless medium. For bubbles in a lossiess medium the decrease in power of an
acoustic wave travelling through the medium is caused by the scattering of these
bubbles. Neglecting also the forward scattering the attenuation is given by:

A = [TnR®) TR dR [11-8]
A(f) = attenuation in a lossless medium
2, = scattering cross-section
n(R) = bubble concentration
R... = minimum radius of the bubbles present
R, = maximum radius of the bubbles present

Attenuation as function of the frequency is thus a measure of the number of bubbles,
their radius, and distribution. By determining the atienuation the bubble size
distribution can be estimated.

The transmission through a medium with bubbles, produced by sonication of 2 5%
solution of urografin, 2 minutes after sonication is shown in Figure 2-6. The solid line
represents an experiment carried out by one broad-band measurement. The dotted
line is the theoretical result, obtained by assuming a Gaussian size distribution of the
bubbles. Attenuation is greatest at the resonant frequency, and remains constant at
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Figure 2-6 Transmission through a medium with sonicated bubbles. -, measurements;
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much higher frequencies. The best fit is achieved for a mean radius of 4.5 um and a
standard deviation of 1.5 um. After four minutes two effects can be noticed: a shift
towards a lower frequency of maximum attenuation and a decrease in the magnitude
of the attenuation. This is caused by small bubbles disappearing by diffusion effects
which results in fewer bubbles, but of relatively greater dimensions. After four
minutes the best fit is achieved for a mean radius of 7 pm and a standard deviation
of 3 um. The reproducibility of these measurements is about 15%.

This experiment shows a relationship between resonance frequency and bubble size.
The theoretical calculations are based on a lossless medium according to [11-8] which
is not realistic for bubbles in water. In chapter IlI the absorption occurring in a
medium will be described.

There is yet another feature of the resonant frequency which may be useful. Equation
[[I-2] shows that the resonant frequency is dependent on pressure and diameter.
Under atmospheric pressure and assuming that the bubble's content behaves like an

'ideal' gas, slow pressure and volume changes in the bubble are governed by
equation [ii-9].
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AV = - Y ap [n1-9]
P
AV = volume change
V = volume of the bubble
AP = pressure change
P = pressure

Applying [II-2] to [II-9] yields an expression for the changes in the resonant
frequency as function of the pressure:

= [-101
f.= the original resonance frequency

From {I1-10] can be seen that the proportional shift in the resonant frequency due to
a (small} variation in pressure is linear related to the relative pressure change. Itis
therefore theoretically possible to determine the pressure from the change in the
liguid measurements of the resonant frequency.

Based on the above approach Tamura" has confirmed this prediction using
encapsulated bubbles. In these experiments two frequencies are used to eliminate
attenuation effects, and it is possibie to discriminate between pressure differences of
at least 50 mm Hg (about 7x10° Pascal).

Discussion

Cas bubbles or gas encapsulated spheres are far superior echographic contrast agents
compared with rigid scattering agents. This is due not only to the enhancement of
the backscatter by a factor 10,000, but also to other useful properties of gas bubbles.
There is one major disadvantage however. Under normal circumstances the bubbles
disappear very quickly (within a few seconds for bubbles smaller than 10 um in fluids
with a normal value of surface tension, but greater longevity is obtained with
reduced surface tension). Areas of clinical application will undoubtedly focus on the
left ventricle and the coronary arteries. The delay for intravenously injected bubbles
to appearin the heart is about 15 seconds (see Feinstein™), therefore the gas bubbles
must be encapsulated to avoid bubble attrition due to gas diffusion. This
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encapsulation however changes the properties of the bubble to that of one with a
thin shell. Important properties such as shell elasticity, thickness, the Poisson ratio
lower the resonant frequency and reduce the scattering cross-section. Nevertheless,
it should be possible to determine a combination of applied frequency, bubble radius,
shell thickness and elasticity which is optimum for medical diagnostic purposes. The
exact difference between gas bubbles and gas encapsulated spheres remains a
subject for further study.

The double resonance phenomenon promises to be one of the most important
applications for bubble contrast agents. Assuming that it is possible to produce stable
bubbles which can be detected in the left ventricle and myocardium, the capacity to
discriminate between the contrast agent and tissue opens new perspectives for
diagnostic ultrasound. Such a system would consist of two-dimensional transducers:
one transducer to form conveniional 2D images (at the bubble resonant frequency),
the other for receiving second harmonic information. in this way two simultaneous
images can be made. One provides a normal 2D image with all heart structures
including the contrast agent; the other provides a image of only the contrast agent.
Myocardial structures would not be visualised because they only refiect the original
information.

Some cautionary remarks regarding this approach are necessary. The scattering of the
second harmonic is pressure dependent, i.e. the pressure must be around 10° Nm™
(= 760 mm Hg, Miller'® ). Such pressures can be expected to induce non-linear
effects resulting in harmonic distortion. Such parameters would be detected by the
high frequency transducer, and the ability to discriminate befween components
would depend on the properties of the medium, distance to the transducer, and the
applied acoustic power.

The resonant phenomena of bubbles can be exploited in 2 number of ways. For
example, it should be possible to measure the instantaneous pressure in the left
ventricle due to the shift in resonant frequency as function of the ambient pressure
according to equation [11-2] and equation {i1-9]. in order to achieve a high sensitivity,
the size of the bubbles which appear in the leff ventricle shouid have a resonant
frequency around the impinging frequency. Furthermore, the presence of bubbles in
the coronary veins will certainly change the backscattered signal. Not only the
amplitude will change, which may not be detectable, but more importantly the
frequency content of the backscattered signal will also change because of the
difference in scattering properties between bubbles and tissue. A knowiedge of
contrast agents together with tissue identification algorithm will be very useful.
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Using the change in acoustic velocity caused by the presence of bubbles is difficult.
This change is only apparent at a relatively low frequency (compared to the
resonance frequency of the bubbles in the contrast agent). When using low
frequency transducers the spatial resolution is rather poor and this limits the
discrimination between different regions. One can only use frequencies employed
nowadays for medical diagnostic purposes when the bubbles in the contrast agent
are very smalt, but this limits their persistence.

For all the above mentioned applications the need for a stable well-defined gas-filled
bubble is necessary. if one could develop such a contrast agent for which the physical
properties could be controlled, all the above mentioned applications are within reach.

Conclusion

The use of gas bubbles or encapsulated gas bubbles offers new perspectives for
echocardiographic research. This may ailow the measurement of pressure within the
heart and great vessels, estimation of flow by contrast dilution, and visualisation of
structures heretofore of insufficient contrast to be detected by conventional
techniques.
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ABSORPTION AND SCATTER OF
ENCAPSULATED GAS FILLED
MICROSPHERES

Abstract

Albunex® is an ultrasound contrast agent for use in echocardiology and other areas.
It is capable of passing through the lung circulation after intravenous injection. A
theoretical model is developed for some acoustic properties, particularly the scatter
and absorption, of this contrast agent, considering the individual microspheres as air
bubbles surrounded by a thin shell. The attenuation, the sum of absorption and
scatter, of this conirast medium is measured with 5 transducers to cover the
frequency range from 700 kHz to 8.5 MHz. It is concluded that the model results in
a good agreement with these acoustic measurements. When Albunex® is used
intravenously the backscatter enhancement in the left ventricle is caused mainly by
the microspheres with diameters between 5 and 8 um.

This chapter is based on a manuscript, which has been published:

Title :Absorption and scatter of encapsulated gas filled microspheres:
theoretical considerations and some measurements

Authors  :N. de Jong, L. Hoff, T. Skotland and N. Bom

In Ultrasonics 1992 3002}
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Introduction

The ultrasonic properties of liquids containing gas bubbles have long been a subject
of intensive investigation. Anderson’ and Prosperitti® provide a thorough overview
of the salient studies on such systems. The principal motivation, until recently, has
involved underwater sonargraphy, e.g. naval applications, but lately the relatively
new area of contrast echocardiography has received increased attention. There are
some aspects of contrast echocardiography, however, which are quite different from
that of underwater studies; in contrast echocardiography the bubbles are not so
much a hindrance, but a tool to investigate the properties of the system. A crucial
criterion for an echocardiographic contrast agent is that it is able fo pass through the
pulmonary microcirculation following intravenous injection and survive the maximum
pressure developed in the left ventricle and myocardium. It can thus be used to study
perfusion of the myocardium and other organs.

Not only must the bubbles be small enough to pass the lung capillary bed, they must
also have a sufficiently long persistence to be detected®. These two conditions are
mutually exclusive for naturally occurring bubbles in a gas saturated fluid. Small
bubbles of diameters less than 10 um tend to disappear within a few seconds® and
they will thus not reach the left ventricle after intravenous injection.

Contrast agents that overcome the size/persistence dilemma are now being evaluated
in clinical trials. Albunex® (a registered trademark of Molecular Biosystem, San Diego,
USA) is one such agent and is the subject of the study described in this report. This
contrast agent consists of microspheres of encapsulated gas surrounded by a shell of
hurman serum albumin. The shell is formed by sonication of an infusion solution of
5% human albumin®. The mean diameter of the microspheres is about 4 um,
whereas the shell thickness is in the range of 20 - 25 nm, i.e. less than 1% of the
diameter. The building block of the shell is a protein, which in its native form has an
ellipsoidal shape measuring about 4x4x14 nm. If it is assumed that the size of the
albumin molecule does not change very much during the sheil forming process, one
can imagine this shell as consisting of a layer of up to 5-6 molecules.

Some of thewltrasonic properties of this contrast agent are described in this report.
Theoretical considerations, based on a description of an ideal gas bubble, are
extended to include a bubble with a sheil. The unknown parameters of the shell are
estimated by model studies where the measured response curves are compared to the
theoretical model. it is shown that theory and measurement agree reasonably well
and that the mathematical model may be useful for predicting and analyzing further
applications of the Albunex® microspheres in echocardiography, e.g. by determining
the size distribution for optimal backscatter at diagnostic frequencies.
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Theory

Scafttering cross-section

The scattering, absorption and the extinction cross-sections are important acoustic
properties of gas encapsulated bubbles in echocardiographic applications. The
scattering cross-section of a particle is defined as the quotient of the scattered power
and the incident intensity. Medwin” has shown that for an air bubble in a liquid this
can be expressed as:

4mR?

R -1
(?5—1) +5

scattering cross-section

radius of the bubble

resonance frequency

frequency of applied ultrasound field
total damping

& Thh 0 i

hmononono

The rescnance frequency, f,, and the total damping .8, in this expression are
described in the following section. The resonance frequency of an air bubble in water
can be determined assuming the following: 1) The wavelength of the acoustic field
is much larger than the bubble diameter, 2) the radial displacement of the bubble is
smail compared to its radius and 3) the surrounding fluid is incompressible. These
conditions are easily fulfilled for bubbles used as contrast agents in echocardiography.
The diameter of the bubbles range from 1 fo 10 um, while the wavelength of the
acoustic field used for medical diagnosis ranges from 0.2 to 0.75 mm (frequency
between 7.5 and 2 MHz in water). The fluid (water, blood) is virtually incompressible.
Also, the acoustic pressures used in the medical diagnostic field cause a radial
displacement, which is small compared to the equilibrium diameter. According to
Medwin’ the angular resonance frequency () for an ideal gas bubble is given by:

5
wﬁg = _E&bﬁ [iil-2]
stiffness of the bubble-liquid system
effective mass of the system
1/T, T = polytropic exponent
surface tension coefficient

™o 3 N
TR TR

The equivalent mass m is given by Medwin’ together with the polytropic exponent
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b™ and the surface tension coefficient B. [n a system consisting of a bubbie
surrounded by a shell, the shell causes an additional restoring force. Equation [[1i-2]
thus becomnes

2 | Tshell [in-31

where @, is the angular resonance frequency of the system and S, the stiffness of
the shell. The determination of S, is provided later in this article.

The damping coefficient () is determined by the following mechanisms: 1) re-
radiation, 2) damping due to the viscosity of the surrounding fluid, and 3) thermal
damping as shown in the following expression:

o fini-4]
wis mez

o
Sth = B(@J.R)—-—-i—
[t
damping due to re-radiation

damping due to viscosity of the surrounding liquid
damping due to heat conduction

wave number 2/, , h = wavelength)

viscosity of the surrounding liquid

density of the surrounding liquid

radius of the bubble

resonant angular frequency

applied angular frequency
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The expression for B(w,R) is given by Anderson’ and Medwin’ (called d/b by
Medwin). The polytropic exponent includes this factor B and evaluates to 1 for
adiabatic conditions and v for isothermic conditions (y = ratio of heat capacity at
constant pressure and constant volume, C,/C)). The resonance frequency can be
determined within 5% of the exact value by taking the polyiropic exponent equal to
v for bubbles with a radius smaller than 10 wm. Taking b equal to 1, the calculated
resonance frequency remains within 5% of the exact values for bubbies with a radius
larger than 10C um. For the frequency range from 1-10 MHz, the adiabatic case is
valid for bubbles with radii larger than 50 pm and the isothermic case for bubbles
smaller than 1 um. Thus, the full expression for b given by Medwin’ has to be used
for bubble radii between these two values.

40



Absorption and scatter of encapsulated gas filled microspheres

Absorption cross-section

The energy lost in an ultrasonic beam, i.e that portion which is converted into heat,
is referred to as the absorption cross-section. Coackly” derives the following
expression for X,

3
3

rad

T = 5 -1) [i-5]

Extinction cross-section

The total energy loss for an acoustic beam travelling through a screen of bubbles is
given by the sum of the absorption cross-section and the scattering cross-section. This
sum is called extinction cross-section X,

5, =3, %, 6]

Gas bubbles with an elastic shell

Bubbles surrounded by a thin elastic shell behave differently from bubbles without
a shell. The restoring force can be dramatically increased by the stiffness of the shell
(Syan) (see also equation [HI-21).

Elasticity of the shell

The contribution of the thin sheli to the acoustic cross-section can be calculated
under the assumption that the shell is: 1) homogeneous, 2) of constant thickness,
and 3) perfectly elastic, i.e. obeys Hooke's law. Assuming these conditions to be
valid, Reismann® has derived the relationship between the displacement u in bubble
radius and the pressures inside and outside the bubble (see Figure 3-1).

=R PJR:_PbR§+ 3Im3 Pa_Pb

[it-7]
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radial displacement of the bubble
pressure inside the bubble
pressure outside the bubble
equilibrium radius of the bubble
£/ 3(7-2v) [ bulk modulus |
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o U

Figure 3-1 Spherical bubble surrcunded by a thin shell. R,, inner radius; R, , outer radius;
Ry, radius; P, . pressure inside the bubble; P, , pressure outside the bubble.

When the shell thickness (t, = R,-R,) is much smaller than the bubble radius, a series
expansion in t, can be made and the higher order terms neglected. Equation [1il-7]
then simiplifies to:

21_V

u = (P.-P)R? SE [-8]
The contribution of the shel! to the bubble stiffness can then be calculated:
_ 8rft -5
shell T

An interesting conclusion of this result is that the shell stiffness is independent of the
radius. Although the shell elasticity (), wall thickness (t,) and Poisson ratio (v} are
ail unknown, it is not necessary 1o determine all these parameters separately to
compare experimental results with theory. Only the resulting shell stiffness is of
interest. Fox™ also examined the possible influence of bubbles covered with an
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organic skin to explain the consistently higher resonance frequencies which have
been measured. Equation [lil-8] differs by a factor 9/4 from that derived by Fox.
The acoustical behaviour as function of the frequency of a bubble without a shell
differs from bubbles with a shell. The shell increases the stiffness as indicated in
equations [1i1-2] and [il-3]. As a first approximation it is assumed that the surface
tension is negligible because in our model we are dealing with a gas-solid transition
instead of a gas-fluid. Furthermore it is assumed that the viscous, thermal, and re-
radiation losses are not influenced by the shell. The viscous losses occur in the fluid
independent of the presence of the shell, i.e. only the velocity of bubble vibration
determines its relative contribution. The same reasoning is valid for the re-radiation
factor. Theinfluence of the shell on thermal losses, however, is not entirely clear. The
heat exchange between gas and fluid is assumed to be optimal in the theory
developed by Devin', later described for the off-resonance case by Eller”. Here the
surrounding fluid is considered as a reservoir with alarge heat capacity. The shell may
insulate the gas from the fluid while itself having insufficient heat capacity to
exchange the energy required during expansion and compression of the bubble, and
thereby reduce the heat exchange between gas and liquid. An additional loss of
energy may be due to friction within the shell itself. This would contribute to the
overall loss of acoustic energy, but is not included in our model,

So in the presented model it is assumed that the damping parameters are the same
as for an ideal bubble and that the surface tension is negligible and therefore set to
zero. The stiffness is increased due to the shell as described in equation [111-91 where
the shell is characterized by the shell elasticity parameter, S, defined as E.t,./(1-v}
expressed in Nm™.

Energy loss through a screen of bubbles

The characteristics of the bubbles can be determined from either backscatter or from
transmission experiments. A problem which occurs when measuring backscatter is
that the bubbles scatter omnidirectional with the result that the received intensity at
the transducer depends on transducer characteristics such as the aperture, the
measuring distance, concentration of the bubbles and frequency. A more practical
approach, and one easily performed in vitro, is to measure the transmission. The
transmission can be normalized to a reference measurement and thus made
independent of the transducer properties.
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Figure 3-2  Small volume element containing scatterers. dS, surface of element; dx, length
of considered volume element in direction of wave propagation, I(x), ultrasourd
intensity at position x; I(x+dx), ultrasound intensity at x+dx.

Consider a cavity filled with bubbles and placed in the acoustic beam, and assume
that the following conditions are met: 1) the beam width is smaller than the cavity,
2) the bubbles are homogeneously and uniformly distributed, 3) the number of
bubbies in the sound beam is much greater than one, 4) the average distance
between the bubbles is much greater than their size and 5) the forward scatter
contribution is negligible. For a small volume element in the acoustic beam
(Figure 3-2), the decrease in power, dP, over a distance dx on the surface dS is given

by:

dP(x) = -di(x)dS = -nZ J(x)dSdx [i11-10]

integrating the decrement in power over x from 0 to the thickness d of the cavity,
results in:

M) _ exol- [-11]
o) exp(-nZ.d)

id) = intensity of the acoustic field after the cavity

Q) = incident intensity

n = particle concentration

X, = extinction cross-section

d = distance travelled through the bubble cavity
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Note that for a given extinction cross-section, the ratio 1(d}/1(Q) is determined by only
the concentration and the thickness of the cavity. Two measurements need be carried
out: a reference measurement without bubbles resulting in an intensity [,{d)/1(0), and
ameasurement with bubbles resulting in a measured intensity 1,(d)/1(0). The quotient
of these two is predicted by equation [Ili-111.

Simulation studies

The presence of a shell around a bubbie results in an increase in the resonance
frequency compared to that for an ideal bubble. This is caused by the stiffness of the
shell which decreases the total compressibility. It is shown in equation [H1-9] that
E.t,/(1-v) is the determinant factor for this change in compressibility and is referred
to in this article as the shell elasticity parameter. A value of zero for this parameter
means that there is no contribution of the sheli or that there is no shell present.
Measurements, described laterin this article, on Albunex® microspheres show that the
value of this shell parameter is about 10 Nm™. In the simulation studies it is assumed
that the damping parameters do not change by the addition of a shell. The exact
damping coefficient as given in equation [!l1-4] and described by Anderson’ and
Medwin” have been used. The surface tension is set {0 zero, except when calculations
without the shell are performed. In this case the surface tension value of the water-
gas transition is taken. The simulation studies are all carried cut for 2 bubble in water.
The resonance frequencies for several bubble diameters (range 1 to 20 um) and shell
parameters (range O to 20), are fisted in Table |ii-a. The data in this table shows that
an increase in bubble diameter results in a decrease in the resonance frequency and
that the addition of the shell results in an increase in the calculated resonance
frequency. Furthermore, itis shown that for diagniostic frequencies (2 - 7.5 MHz) and
for bubbles without a shell the interesting bubble diameters range from ~1 to 5 um,
while this shifts clearly towards higher diameters for higher values of the shell
parameter, i.e. for a shell parameter value of 10 the interesting bubble diameters
range ~4 to 10 um.

The predicted scattering cross-section as a function of frequency for a single bubble

with a diameter of 6 um, for several values of the shell parameter, is shown in
Figure 3-3.
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Figure 3-3  Theoretical scattering cross-section as a function of frequency for three different
values of the shell parameter: 0; 10; 30. The simulations are performed assuming
a bubble with a diameter of 6 um in water.
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Figure 3-4 Damping coefficients for air bubbles in water as function of the diameter,
calculated at their resonance frequency. mmm , fotal damping -——, damping due
to thermal conduction; — =, damping due to the viscosity of the surrounding
liguid: mm , damping due to re-radiation.
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Table ll-a  Resonance frequency in MHz for different values of the shell elasticity parameter,
Sor and bubble diameter.

S
bubble

diameter (um) 0 5 10 20
1 95 454 64.0 90.3
3 24 8.¢ 12.4 17.5
5 1.3 42 58 8.2
8 0.8 2.1 2.9 4.1
10 0.6 1.5 2.1 2.9
20 0.3 0.6 0.8 1.1

It is clear from this figure that the greater the shell parameter the higher the
resonance frequency. All the curves demonstrate the well known fourth power
relationship at low frequencies”, while at high frequencies the scattering cross-
section is equal fo the geometrical cross-section. The maximum value of the
scattering cross-section decreases for higher values of the shell parameter.

The variation of the different damping parameters as a function of the diameter,
calculated at the resonance frequency is shown in Figure 3-4. Several investigators
have already examined this for the adiabatic case’®'". Because of the implicit
expression of the resonance frequency (equation [11i-4]) and the different damping
factors this must be sclved numerically. Thermal damping clearly dorninates for
bubbles with a diameter larger than 10 pum , while for bubbies smaller than 5 um
diameter, damping due to fluid viscosity dominates. If surface tension is neglected,
the re-radiation damping at resonance is constant with diameter and its magnitude
is small compared to the thermal and viscous damping for bubbles in this size range.
The minor increase for small values of diameter is due to the more important
influence of the surface tensicn. The value of all these damping coefficients taken
togetheris about0.15, and there is little variation in this vaiue for resonating bubbles
with diameter between 4 and 50 pm.
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Figure 3-5 Damping coefficients for gas bubbles surrounded by an elastic shell in water
with a shell parameter of 10, caiculated at their resonance frequency as function
of the radius. mmmm , total damping ——, damping due to thermal conduction;
——, damping due to the viscosity of the surrounding liquid; me, damping due
to re-radiation

The relative contribuiion of the different damping coefficients at resonance as a
function of bubble diameter for bubbles with a shell, where the shell parameter has
avalue of 10, is shown in Figure 3-5. The total damping for bubbles with a shell with
a diameter between 1 and 15 um is higher compared to those without a shell
(compare to Figure 3-4). This is due principally to the higher resonance frequency for
a given diameter. Re-radiation therefore becomes a more important factor together
with the thermal damping for which the heat exchange approaches the adiabatic case
at higher frequencies.

Experimental Procedure

Acoustic measurement set-up

The measurement set-up is illustrated in Figure 3-6. The transducer generates an
acoustic field which traverses a bubble container with a beam width narrower than
the bubble container. The acoustic beam is reflected at the back wall of the
waterbath and is received by the same transducer. The bubble container measures
15 mm in length. The front and the backside consist of synthetic rubber to ensure a

48



Absorption and scatter of encapsulated gas filled microspheres

minimal loss of acoustic energy, when the acoustic wave traverses.

Two measurements are carried out: first a reference measurement with the bubble
container containing only the solution without microspheres, then a measurement
with the bubble container filled with the microspheres to be investigated. A Fourier
Transform is performed on the reflected pulses in order to obtain the frequency
power spectrum. The transmission of the microspheres to be investigated is
determined by normalizing the transmission spectrum with scatterers present to the
transmission without scatterers. The final frequency spectrum is filtered using a
moving window low-pass filter with a width of 200 kHz. The bubble container may
be placed anywhere along the acoustic path. The bandwidth of the used transducers
at the -20 dB level is about 100% of their central frequency. Using 5 transducers
with different central frequencies it is possible to cover the frequency band from 700
kHz to 8.5 MHz. Such an array of transducers takes advantage of the very important
fact that the measurement is not influenced by transducer characteristics such as
focusing and aperture. In our study we used five transducers with the central
frequencies of 1, 2.25, 3.5, 5, and 7.5 MHz.

transducers
(1-5)

water

bubble screen

: selector

analog to
receiver computer

digital converter

J pulser
synchronization Aﬂr—_[

Figure 3-6 Schematic set-up for acoustic measurements.

The pulser (Avtech AVR-A-1-PW-C) generates a short pulse of a duration of 100 ns,
which is transmitted to one of the five transducers (KB-Aerotech , Standard Medical
Transducer). The reflected pulse from the back wall of the waterbath is received by
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the same transducer, amplified by the receiver (Panametrics 5042 PR ) and digitized
by the analog to digital converter (LeCroy 9400 A). The digitized data are transferred
to the computer (Compagq Deskpro 386/20e) for further analysis. Results can be
plotted on the computer screen, a laser printer or a plotter.

Fractionation and determination of the size distribution

Albunex® has a rather wide size distribution. The size distribution of the baich
{Nycomed AS, Oslo, Norway) used in this study is illustrated in Figure 3-7.

Normalised number of counts

5 10 15 20
Diarmeter {um)

Figure 3-7  Normalised size distribution of Albunex® as measured by the Coulter® Multisizer
I

This distribution is measured with a Coulter Multisizer 11 (Coulter Electronics Ltd,
Luton, England) with an aperture of 50 pm employing 64 channels with diameters
ranging from 1 to 35 um, and it is obtained after dilution of 20 ul Albunex® in 200
ml Isoton® (Isoton® is a particle free phosphate buffered saline with an added
dispergent; Coulter Electronics Ltd Luten, England). The mean diameter of this batch
is 3.8 pm and the concentration before dilution 9.10° microspheres per ml. (In this
study an experimental Albunex® production batch is used. This batch has a size
distribution equal to that of the batches used for clinical trials, but with a somewhat
higher concentration.) Less than 4% of the microspheres are larger than 10 um,
although there are microspheres present with a diameter greater than 15 um.

50



Absorption and scatter of encapsulated gas filled microspheres

Simulation studies show a large dependency in the scattering cross-section on the
micrasphere diameter. The scattering cross-section is also significantly dependent on
the shell parameter. It is clear that precise and direct comparisons between
experimental results and model studies are difficult without controlling some of these
variables. Therefore, in order to estimate the resonance frequency and shell
parameters from the measurements, multiple well-defined size distributions are
required. One approach is to make multiple trial batches, each with & different size
distribution, for which the variability in the shell parameter must be taken into
account. Another possibility is to divide a single batch into specific size ranges and,
as a first approximation, assume that the shell parameter is the same for all
microspheres.

Several methods are available for generating a narrow size distribution. The flotation
process takes advantage of the fact that the gas filled microspheres behave in a fluid
according to Stoke's law. The velocity of the microspheres as they ascend the fluid
column is a quadratic function of the radius of the microspheres. If the microspheres
are released at the botiom of the tube, the distribution in size after a period of time
will be a quadratic function of the heightin the tube. The longer the time the sharper
the border between the microspheres sizes. With this principle it should be possible
to conduct the measurements at different levels, and to determine the acoustic
response as a function of microsphere size.

it is also possible to fractionate the batch by using well defined mechanical filter
which can provide a truncated size distribution. If the original Albunex® is filtered with
such a mechanical filter, then the filtrate can be measured and compared with the
acoustic results of other filtrates or with the whole distribution. In this way the
acoustic contribution of the different microsphere sizes can be determined.
Nuclepore® filters (Coster Corp., Cambridge, MA, USA) have been used in the
present study as the pores in these polycarbonate membranes are strictly held to a
tolerance range of 0% to - 20% of the rated pore size. The measured size
distributions using filters of 3, 5, 8, and 10 um is shown in Figure 3-8. itis remarkable
that the number of microspheres for filtered and unfiltered samples below the rated
pore size is practically identical. This means that very few microspheres are lost below
the rated pore size and that there are hardly any microspheres present above it.
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Normalised number of counts
o
-t
T

0.01

1 2 5 10 20
Diameter {um}
Figure 3-8 Size distribution of Albunex® passed through mechanical filters with the

following pore sizes: wmma, 70 pym; mwm, 8um; —, Sumand - -, 3 um. The size
distributions are measured by a Coulter® Multisizer I1.

Transmission (dB/cm)

0 10 20 30 40 50 60
Concentration of Albunex (ul in 236 ml [soton)

Figure 3-9  Transmission as function of Albunex® concentration at frequencies:(®) 2.3 MHz;
(+) 3.5 MHz; {¢) 5.0 MHz; (8) 7.5 MHz.
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Results

Transmission as function of concentration

The acoustic transmission depends on the concentration of the Albunex®
microspheres and the path length through the bubble container as shown in equation
[lii-11]. This equation also shows that the relationship between the transmission and
concentration is linear when plotied on a logarithmic scale. The transmission as a
function of the concentration, measured at the centre frequencies of the transducers
used, 2.3, 3.5, 5.0 and 7.5 MHz, is shown in Figure 3-8, The transmission is
expressed in dB ¢m™. The first measurement is performed with 10 wl of Albunex
diluted in 230 ml of Isoton®. The transmission at the above mentioned frequencies
is then measured. Subsequently 10 pl of Albunex® is added and the transmission is
determined again for the same frequencies. This procedure is repeated five times until
the concentration is 60 u! Albunex® in 230 m! tsoton®. Linear regression is applied for
each set of measurements. The slope relates to the extinction cross-section of
Albunex®. The close fit to the straight lines indicates that virtually no microspheres
disappeared during the measurements, and that the capacity to increase the Albunex®
concentrations in this way is reproducible. The results show that the extinction cross-
section is strongly frequency dependent. It is remarkable that higher frequencies are
less attenuated than lower frequencies which is contrary to what is common in the
diagnostic ultrasound field.

Transmission as function of frequency

Measurements of the transmission through a medium with microspheres as a
function of frequency are shown in Figure 3-10 and Figure 3-11. These graphs depict
the results of 5 transducers covering the band from 0.7 - 8.5 MHz. In Figure 3-10 a
measurement is shown carried out with 55 ul unfiltered Albunex® diluted in 230 mi
Isoton®. The agreement in the transmission at the overlapping frequencies of the
different transducers confirms the independency on the transducer characteristics.
The curve shows a minimum at 2.7 MHz. At lower frequencies a Rayleigh response
appears, above 2.1 MHz the transmission increases and eventually seems to approach
a constant value. The calculated theoretical curve is shown together with the
measuremnents. The simulation is calculated from the size distribution as measured
with the Coulter counter and according to equations [H-11] and [1I-1]1-[111-6].
Acoustic measurements and the measurement of the size distribution are performed
on the same sample. Optimizing with respect to the frequency at which the minimal
transmission occurs gives a shell parameter value of 9.5 £ 0.5.
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Results of acoustic measurements on filtered Albunex® are shown in Figure 3-11. The
filtrates are obtained after passing Albunex® (55 ul in 230 mi Isoton® ) through
Nuclepore® filters with pore diameters of 3,5,8 and 10 um respectively. The data in
Figure 3-10 and Figure 3-11 show that although the number of microspheres with
a diameter larger than 10 um is relatively small, they contribute significantly to the
attenuation at frequencies between 1 and 4 MHz. On the other hand, microspheres
with a diameter below 3 um, which dominate in number, contribute little to the
attenuation of the whole Albunex® sample. The frequency at which the minimum
fransmission occurs ingreases as the larger microspheres are eliminated from the
filtrate.

The relative contributions to transmission for the different microsphere diameters are
obtained from the measurements of the filtered Albunex®. These are shown in
Figure 3-12. The transmission is plotted as a function of the frequency for
microspheres with diameters between 8 and 10 um, 5 and 8 um, 3 and 5 um and
smaller than 3 um. The average value is taken for the transmission value for the
overlapping frequency of the "adjacent" transducers. A smoothing filter is applied
on the data (moving window low-pas filter with a bandwidth of 200 kMz). The
theoretical curves, alse shown in Figure 3-12, are determined, using the size
distribution measured by the Coulter counter. The acoustic measurements and the
measurements of the size distribution of the filtrates are performed on the same
sample using the same procedure as for non-filtered Albunex®, The size distributions
of such filtered Albunex® are shown in Figure 3-8.

A value 9.5 for the shell parameter is taken in the simulations. The measured and
computed transmission curves show a similar pattern for all size ranges. The
discrepancy in the curves of the 3-5 um range at low frequencies may be explained
by the presence of a number of microspheres with different shell properties. The
contribution of microspheres smaller than 3 um is very small in this frequency range,
which is in agreement with the simulations. In general the simulated curves predict
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Figure 3-10 Transmission vs. frequency. -, measured spectrum obtained after dilution of
55 pl in 230 ml. — = simulated spectrum obtained with measured size
distribution (Figure 3-7) and shell parameter value of 9.5.
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Figure 3-11 Transmission vs. frequency for samples containing filtered Albunex®. 55 ul
Albunex ® is diluted in 230 ml Isoton *. These dilutions are filtered through
filters 0f 10, 8, 5 and 3 pm.
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at and around the resonant frequency a lower value of the transmission than
measured. Furthermore, the simulated curves are somewhat narrower than the
rmeasured ones. This can have several explanations. Firstthe assumption, made in the
simulations, that the shell parameter is constant for all microspheres may not be
entirely valid even for different microspheres with the same diameter. A distribution
in the vaiue of the shell parameter causes a broadening of the curve together with
an increase in the value of the transmission. Second, no parameter has been included
in the model tc express the friction in the bubble shell. This missing facter should

increase the total damping and thus give an increase in the transmission together
with a broadening of the curve,

Transmission (dB/cm)
<o

e ——

-3

0 5 0 5 1G
Frequency (MHz)

Figure 3-12 Simulation studies (- =) and measurements (—) of the transmission
vs.frequency for different bubble size ranges.

Discussion and Conclusion

The value of the shell parameter is the determinant factor for the behavigur of the
shell. This parameter is determined by the physical parameters as mentioned in
equation [il-9]. The optimal value of the shell parameter is found to be 9.5. Cther
studies have shown that the shell thickness is in the order of 20 - 25 nm. Assuming
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that the Poisson ratio is 0.5, the elasticity of the shell works out to about 2x10% Nm™.
This is higher than the elasticity of a soft materials such as rubber (0.01-1x10% Nm™)
and comparable with a synthetic material like Polyethylene™.

Although electron microscopic pictures taken with freeze edging techniques show a
very homogenous inner surface of the Albunex® microspheres (H. Kryvi , University
of Bergen, Norway, personal communication), one could not expect a shell
configuration consisting of at most a layer of 6 molecules of a large protein to resuit
in a completely homogenous shell with identical elastic properties for all
microspheres. Hence the assumption of a homogeneous shell with simple elastic
properties is very doubtful. It is clear that the model developed for the Albunex®
microsphere is too simple to be completely correct. The results are nevertheless
promising and show a reasonably good agreement between theory and
measurements, as shown in the measurements and simulations on whole Albunex®
in Figure 3-10.

The results shown in Figure 3-12 indicate that the optimal value for the shell
parameter is almost independent of microsphere size for microspheres with a
diameter larger than 5 um. Fine tuning of the shell parameter for the different size
ranges, with the criterion of the minimum value of the fransmission occurring at the
same frequency, results in values which deviate no more than 20%. However, for
microspheres with a diameter less than 3 pm this is not easily performed because of
the low signal response. For the 3-5 um range there is a tendency, for smaller values
of the shell parameter to result in closer agreement with the measurements. These
differences may be due to a variation in shell thickness and/or shell stiffness.
Differences in shell properties with microsphere size could be a direct result of the
production process.

It is evident from Table [li-a that at frequencies used for medical diagnosis (2-7.5
MHMz) and for a shell parameter value of 10, the most useful microsphere sizes range
between 2 and 10 um. Figure 3-5 shows that the loss of acoustic energy in this
range, calculated at the resonance frequency, is mainly caused by absorption, i.e. the
extinction cross-section divided by the scattering cross-section, 8/8,, is about 3. As
thermal damping is the principal mechanism the loss of energy caused by
microspheres, it is not greatly influenced by fluid parameters such as viscosity and
density.
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Table li-b  Sum of backscatter and absorption contribution in dB cm™ for a dilution of

1:1000.
Diameter (um)
Frequency
{MHz) 0-2 3-5 5-8 8-10
1.0 0.1 1.0 1.0 3.8
25 0.3 1.0 83 62
3.5 0.5 1.6 13.1 28
50 0.7 2.3 11.6 1.6
7.5 1.5 5.0 55 1.7

The results with fiitered microspheres show that only microspheres smaller than the
filter pore size pass through the filter, and that hardly any microspheres are lost
during this process. The clinical significance of these results depends on the area of
application. Assuming that the filtering function performed by the lung capiliaries is
similar to mechanical filtration, the size of microspheres appearing in the left ventricle
after intravenous injection are limited by the size of the lung capillaries. These
capillaries have a mean diameter of around 7 pm which would not let pass the larger
microspheres.

Although measurements of the transmission most directly relate to the extinction
cross-section and the clinical use until now is based mainly on the backscatter
properties of contrast agents, it is possible nevertheless to draw some conclusions
from these measurements which are relevant to the clinical situation. The backscatter
maximurm should occur around the same freguency as the maximum of the extinction
cross-section (eguations [111-21,[111-5],{1i-6]), although the backscatter will be far
more influenced by the parameters of the surrounding fluid. In Table 11-b the sum
of backscatter and absorption is given for different frequencies and size ranges. The
values in this table are expressed in dB/cm. The measurements are carried out fora
concentration of 55 pl in 230 ml, in the table the values are recalculated for a dilution
of 1:1000. The table shows that microspheres with diameter below 3 pm contribute
little to the backscatter and absorption at frequencies used in medical diagnosis (2 -
7.5 MHz). The contribution from the microspheres with diameters in the range 3 to
5 um is rather small as well, but their contribution increases for higher frequencies.
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Microspheres in the diameter range 5 to 8 um are the main source of backscatter and
absorption in the frequency range 2 to 7 MHz, their spectra showing a maximum
around 3.5 MHz, while microspheres with diameters between 8 and 10 um give a
strong contribution between 1 and 3 MHz, showing a maximum around 2.5 MHz.
The fact that the microspheres with diameters between 5 and 8 pum give a higher
contribution to the total backscatter and absorption than those with diameters
between 8 and 10 can be explained from the size distribution of Albunex®. From the
values given in the table, the conclusion can be drawn that for a2 2.5 MHz diagnostic
frequency the microspheres with a diameter between 5-10 um provide a maximum
in the sum of backscatter and absorption. At 3.5 and 5 MHz the main contribution
comes from microspheres with a diameter between 5 and 8 pm, while the range
shifts slowly towards 3-5 um at 7.5 MHz. Microspheres with diameters larger than
8 um may not be able to pass through the lung circulation when Albunex® is given
intravenously. Thus, in this case the microspheres with diameters between 5 and 8
um would be expected to be the main source of the backscatter and absorption in
the left ventricle.

The acoustic response can be fairly accurate predicted from the measured size
distribution of Albunex®. The simulation studies however show a consistently higher
attenuation than measured. improvements of the model of the Albunex®
microspheres can be made by including the friction of the shell and by assuming a
variable value of shell parameter as function of the diameter. These effects would
lead to a broadening of the transmission curves as a function of the frequency and
to an increase in the value of the transmission.
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ULTRASOUND SCATTERING
PROPERTIES OF ALBUNEX"®
ICROSPHERES

Abstract

The ultrasound scattering properties of Albunex® as a function of frequency,
microsphere diameter, and concentiration are investigated. The simplified model of
the Albunex® microspheres developed in chapter Ill, where the individual
microspheres are considered as air bubbles surrounded by a thin elastic shell is
extended by including the internal friction in the shell when the microsphere vibrates.
Acoustic scattering and transmission is measured in the frequency range from 700
kHzto 12.5 MHz. The measured transmission Is used to estimate the two parameters
in the theoretical model: the shell elasticity parameter, S, and the shell friction, S.
Introduction of the shell friction into the model improves the agreement between
theory and measurements. For the scattered power, differences between measured
and calculated values tie within 3 dB. It is concluded that for the frequencies 2.5 and
5 MHz the microspheres with a diameter between 5 and 12 um are preferred as
these microspheres deliver the most significant contribution to the total scattered
power and cause relatively little attenuation.

This chapter is based on a manuscript, which has been published:

Title :Ultrasound Scattering of Albunex® microspheres
Authors  :N. de jong and L. Hoff
] :Ultrasonics 1993 31(3)
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Introduction

The scattering properties including frequency dependence of small solid particles and
cardiac tissue has long been an area of active investigation™. The fact that the
orientation of cardiac tissue and blood cells can affect their scattering properties has
also been described by several investigators**®’. Morse and Ingard® have developed
a theoretical description of the scatter intensity as a function of angle and frequency
for rigid spheres. Gas bubbles with diameters small compared to the wavelength of
the acoustic field scatter in a spherically symmetric manner. Since the scattering cross-
section of such gas bubbles is considerably larger than that of rigid spheres of the
same size and as they scatter omnidirectionally, their backscatter properties are easier
to measure. The major disadvantage, however, is the rapid disappearance of free gas
bubbles®. Contrast agents which overcome this size-persistence dilemma are now
under evaluation in clinical trials. Examples of such agents include Albunex® (a
registered trade mark of Molecular Biosystems, San Diego, California, USA) and
Lechovist® (Schering AG, Berlin, Germany). Albunex®, which is the subject of this
study, consists of gas filled microspheres with an adequate longevity. The acoustic
attenuation of this contrast agent has been described in chapter Ill and in a paper by
De Jong et al.”®, where 2 theoretical model for the acoustic properties of Albunex®
microspheres is developed, considering the microspheres as air-bubbles surrounded
by an elastic shell. Comparison of transmission measurements with predictions based
on the model proved to be promising. The loss of transmission energy is assumed to
be caused by scattering of acoustic energy from the microspheres, viscosity in the
surrounding fluid and thermal conduction within the microspheres. The current use
of ultrasound contrast agents is generally limited to re-radiation effects, i.e. it relies
on the backscatter properties of these agents. The overall attenuation, to which the
scattering contributes, is considered useless and therefore should be minimized.

The scattering properties of Albunex® are investigated in this report, and the
previously described model is extended and compared with acoustic measurements.
The scattered intensity from a cloud of Albunex® microspheres is derived for focused
ultrasound transducers, assuming a low concentration of scatterers. Normalization
1o the response of an ideal flat plate allows for the elimination of system dependent
parameters such as the characteristics of the transducer and electronic circuitry. The
model of the Albunex® microsphere described in chapter lii is improved by
incorporating energy absorption due to frictional forces inside the shell. The two
parameters in the model, the shell elasticity parameter S| and the shell friction S; are
estimated by fitting the transmission measurements to the calculations. Acoustic
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measurements are performed using 4 transducers, focused at 75 mm. Both the
backscatter and the transmission are measured at this focal distance. The transducers
cover a range from 700 KHz to 12.5 MHz. The Albunex® microspheres are filtered
mechanically to determine the contribution of the different microsphere sizes.

Theory

Scattering

The scattering properties of a single bubble are described by its scattering cross-
section, Z(R,w), defined as:

P(Rw) -1l
ERw = 2
fo(w)
® = angular frequency
PR ) = scattered power
Io(w) = intensify of the incident acoustic field
R = radius of the bubble
® = angular frequency

When the concentration of the scatterers is low, the scattered power is proportiona
to the number of scatterers®, N. The total scattering then becomes, according to
equation [IV-1].
fiv-2]
PAR®) = N I () L (R,w)

Consider a small volume element containing scatterers homogenously distributed
with number concentration n{R) and radii R, as shown in Figure 4-1. The scattered
power from the volume element will be:

. [V-3]
dP, (@) = If@)aV [n(RIT(Rw) R

which can be written as:
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transducer volume element

Figure 4-1 Transducer with small volume element with scatterers. A, radius of the
transducer; z, focal distance of the transducer; dz, length of volume element; dS,
area of volume element.

. [Iv-4]
dP, ) = Iy(@)dS dz [ n(RIZ,(R,a) dR
o]

dP,, (o) scattered power of the small volume element dV

ds = cross-sectional area of volume element

dz = length of volume element

fa(e) = [Incident intensity

n(R} = concentration of scatterers with radius R

Z(Rw) = scattering cross-section of a scatterer with radius R

R = radius of the scatterer

0] = angular frequency.

Integrating over a surface normal to the acoustic beam delivers:

dpw) = dz [[I@ds ["n(RIT R dR Iv-5]
s

The first integral of this equation denotes the total power, P,, passing through
surface S. The total scattered power then becomes:
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dP (w) _

=P ["n®E R )R

For afocused transducerthe total transmitted power, P;, can be approximated by the
reflected power of a perfect flat plate reflector in the focus of the transducer™.

[Iv-€]

Scattered power measured with focused transducers

Equation [IV-6] gives the tofal scattered power over a small distance dz. As the
microsphere diameters are much smaller than the wavelength of the acoustic field,
their scatter is spherically symmetric. Having a low concentration, the scattered
power from an ensemble of such scatterers, averaged over all configurations of
scatterers within the volume-element, will also be spherically symmetric. The power
received by the transducer with radius A at a distance z from the scattering volume
in the far field is then:

A’ [v-71
fr o "

power received by the transducer

scattered power

radius of the transducer

distance from scattering volume to transducer.

N> YD
[T T T /]

For curved transducers equation [IV-7] holds for a scatter volume placed in focus,
where the far field condition are valid.

The incident and the scatiered power of the scatterers in the scatter volume, dV, are
atfenuated by the scatterers themselves. The amplitude of the time domain signal can
be corrected for this attenuation according to:

alc)

A D =ABI0 T [v-8]

ALt = corrected amplitude of the time domain signal

At = measured amplitude of the time domain signal

¢ = sound velocity

t = time of flight in suspension with scatterers

o) = attenuation at angular frequency ®, measured in dB per unit length.
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Improving the Albunex® microsphere mode!

In chapter il a theoretical model is described for the acoustical properties of the
Albunex® microsphere where the microsphere is considered as a gas bubble
surrounded by a thin elastic shell. The increased restoring force due to the shell
elasticity is taken into account by adding a shell elastic parameter. The shell elasticity
parameter is defined in chapter Il and its value is estimated 9.5 Nm™, delivering the
best fit between measurements and calculations. This model provides a good
prediction of the transmission through Albunex® although the agreement between
theory and measurements was better for the larger microspheres than for the smailer
ones. In the previously described model, the properties of the shell are considered
independent of the microsphere diameter, and the internal friction, or viscosity, in the
shell material is neglected. In order to further improve the agreement between
theoretical calculations and measured acoustic properties, we now include the effect
of internal friction in the microsphere shell. The properties of the shell are still
considered uniform for all microspheres.

Internal friction, or viscosity, within the shell increases the damping of the
rmicrosphere oscillations. As shown in chapter ill the restoring force due to the
elasticity in the sheli material can be written as: F, = k,.dr, where k, depends on the
elastic properties of the sheli material, but is independent of microsphere radius, and
dr is the differential change in microsphere radius. Analogous to this, the damping
force due to the friction within the shell will be of the form:

dr

an'c = .‘kZ 'a? [IV—Q]
Fo. = frictional force
K, = parameter depending on viscous properties of the shell material, but independent
of the microsphere radjus
dr/dt = radial velocity of the shell

According to Coackly' the damping coefficient can be derived from equation [IV-9]
and resufts in:

5 = f (IV-10]

o
-

damping coefficient due the frictional damping within the shell
shell friction parameter {is equal to k,)
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3 €
[

angular frequency of incident acoustic field
effective mass of bubble-liquid system as defined by Coackley™. [t is equal to

41R®p, where R is the radius of the bubble and p the density of the surrounding
medium

The damping in the model as described in chapter il consists of three parts which are
due to the thermal conduction within the bubble, the viscosity of the surrounding
liquid and the re-radiation. In the improved model the frictional damping of equation
[IV-10] is added to the total damping. The value of the shell friction, S; must be
determined from the measurements.
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Figure 4-2  Schematic set-up of the apparatus for the acoustic measurements.

Experimental Procedure

Measurement set-up.

The measurement apparatus is illustrated in Figure 4-2. Four transducers with center
frequencies of 1, 2.25, 5 and 10 MHz (Panametrics , videoscan ) are mounted in a
waterbath. The transducers are focused at a distance of 75 mm and their apertures
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are 37,25, 18 and 12 mm, respeciively. The bandwidth of the transducers is about
100% of their central frequency at the -20 dB level. In this way it is possible to cover
the frequency band from 750 kHz to 12.5 MHz. The electronic steering circuit
consists of two sets; one for the 1 and 2.25 MHz and one for the 5 and 10 MMz
transducers. Pulser 1 (Avtech avr-a-1-pw-c) generates a 125 ns pulse which is
transmitted to the 1 or 2.25 MHz transducer. The signal received from either the
back wall of the container or from the microspheres is amplified by receiver 1
(Panametrics 5052 PR}. The amplified signal is then filtered with a low pass
Chebychev filter, to remove noise and avoid aliasing, and digitized by the first
channel of the A/D converter (digital oscilloscope, Lecroy 400A). The 5 and 10 MHz
transducers are directed by a pulser 2 (Avtech avl-2a-c-p), which generates a pulse
of 35 ns width. The received signal from these transducers is amplified by receiver 2
( Panametrics 5052 PR). The amplified signal is low-pass filtered and digitized by the
second channel of the analog to digital converter. The amplification of both receivers
can be set between +40 dB to -40 dB in steps of 10 dB for an optimal signal
amplitude. A separate function generator (Wavetek model 191) is used for
controlling the repetition rate. Signals are recorded over a window length of 10 ps,
with a sample frequency of 50 MHz. The digitized signals are transferred to the
computer ( Compaq 386/20e ) for further analysis.

The length of the microsphere container is 60 mm. The front of the container consists
of 30 um thick synthetic material (TPX®, Mitsui Petrochemical Industries, Itd). The
front has an angle of 15 degrees with the acoustic axis of the transducers to minimize
mulliple reflections. The back wall of the container is used as a reflector. For
transmission measurements the container is placed such that the back wall is at the
focal distance of the transducers, 75 mm. For backscatter measurements the
container is located so that the front of the container is 70 mm from the transducers.

Measurement procedure

Albunex® contains microspheres with a rather broad size distribution. To determine
the influence of the different microsphere sizes, the microspheres are fractionated
using the mechanical filtering method described in chapter H1. The original Albunex®
microsphere suspension is filtered through Nuclepore® filters (Coster Corp.,
Cambridge, MA, USA ) with pore sizes 3, 5, 8 and 12 pum. The size distribution of the
sample after filtering is measured with a Coulter Multisizer I (Coulter Electronics Lid,
Luton, England) with an aperture of 50 pm employing 64 channels with diameters
ranging from 1 to 35 um. The mean diameter of the microspheres of the batch used
in this study is 3.8 um and the concentration of 9x10° microspheres/ml before
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dilution. (In this study an experimental Albunex® production batch is used. This batch
has a size distribution equal to that of the batches used for clinical trials, but with a
somewhat higher concentration).

First a reference measurement for all transducers is carried out with the microsphere
container filled with pure Isoton® Il and with the back wall of the container in focus
of the transducers. After the reference measurements are recorded, either unfiltered
orfiltered Albunex® isintroduced into the microsphere container and the transmission
measurements are carried out with the back wall of the container positioned at focal
distance. Then the container is repositioned and backscatter signals are recorded. The
liguid js stirred immediately prior to measuring, so that it is circulating during the
measurement sequence. Hence, problems with flotation are avoided, and the
movement of the liquid ensures that the configuration of the microspheres in the
liquid changes rapidly enough to achieve independent spectra from the time traces.
The entire measurement procedure, for all transducers, takes about 2 minutes. After
the acoustic measurements are finished, the microsphere container is placed in the
Coulter Multisizer Il to determine the microsphere concentration and size distribution.
Fourier transformations are computed for all recorded time signals and averaged over
62 traces. The averaged power spectra of the measured backscatter or the
transmission are normalized to the averaged power spectra of the reference
measurement. The final result is smoothed using a moving window, with a width of
200 kHz, to remove rf noise.

Results

The magnitude of the measured backscatter signal depends on the radius of the
transducer, the measuring distance, and the window length as expressed in equation
[IV-6] and [IV-7]. The reference measurement, used for normalization is obtained
with a PMMA (perspex) flat plate as reflector. The measured backscatiered signal is
normalized to the measured reference and corrected for the transducer aperture
according to equation [iV-7], for the characteristics of the PMMA reflector and for
the window length. The final result is expressed in dB cm™.

Scattered power vs. concentration

The measured scattered power as a function of the concentration is shown in
Figure 4-3, for the 5 MHz transducer. The concentration of Albunex® is expressed as
a volume () of Albunex® diluted in 400 ml of isoton®. The scattered power,
averaged over the frequency range from 4 to 6 MHz, is expressed in dB cm™ and
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measured over a distance of 3.75 mm in the Albunex® suspension. The measured
values are shown together with the results corrected for the attenuation. The dotted
line denotes a least square fit through these calculated values. The slope of this curve
is 3.2 £ 0.2 dB ecm™ per doubling in concentration. The theoretical value is a 3 dB
increase for each doubling of the concentration. It is concluded that aitenuation
affects the results over the considered window length of 3.75 mm for concentration
higher than 50 wl Albunex® in 400 ml Isoton®, but when corrected the resulis do not
differ much from the theoretical prediction even for concentrations as high as 1 ml
Albunex® in 400 ml isoton®, This confirms the assumption that the scattered power
is proportional to the concentration of microspheres.
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Figure 4-3 Scattered power as a function of concentration of Albunex” microspheres
measured with a 5 MHz. ®, measurement over a window length of 3.75 mm;
o, corrected for attenuation; ——, line fitted to the corrected values.

Scattering and transmission as a function of frequency

Scattering and transmission are measured on samples of whole and of filtered
Albunex®. The filters used have rated pore sizes of 12, 8, 5 and 3 um. The
concentration of each sample is chosen such that the attenuation occurring over the
measuring length of 7.5 mm is lower than 2 dB cm™. The backscattered time signal
is corrected according to equation [IV-8], using the measured attenuation, The used
dilutions are: whole 1:20,000; 12 um filter, 1:10,000; 8 wm filter, 1:10,000; 5 um
filter, 1:3500; 3 um filter, 1:1400. After the acoustic measurements are performed,
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Figure 4-6 Transmission vs. frequency for samples containing filtered Albunex®. —
measured spectrum; - - -, simulated spectrum obtained with measured size
distribution, a shell parameter value of 8 Nm™ and a shell friction of 4x710°
Nsm™". A, 70 pl Albunex® is diluted in 700 mi Isoton® and filtered through a 72
um filter; B, 70 pl Albunex” is diluted in 700 mi Isoton” and filtered through a
& pm fifter: C, 200 pi Albunex® is diluted in 760 m! Isoton® and filtered through
a 5 pm filter; D, 500 pl Albunex® is diluted in 700 ml Isotorn™ and filtered
through a 3 pm filter.

the microsphere concentration and size distribution are measured on the same
sample. This is used for calculating the theoretical values for both the transmission
and the scattering, except for the transmission curve for whole Albunex®, where the
microsphere concentration and size distribution are determined separately. Two
parameters have to be estimated in the model: the shell elasticity parameter, S, and
the shell friction S, These are estimated by fitting the theoretically calculated
transmission results to the measurements, by minimizing the absolute difference
between the two curves. This procedure results in an optimal value for the shell
parameter, S, of 8 Nm™ and an optimal value for the shell friction, S, of 4x10°®
Nsm™.
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Figure 4-7 Transmission vs. frequency for samples containing filtered Albunex’. —,
measured spectrum; - - -, simulated spectrum obtained with measured size
distribution, a shell parameter value of & Nm™ and a shell friction of 4x70°¢
Nsm™": A, 70 ul Albunex® is diluted in 700 mi Isoton® and filtered through a 72
um filter; B, 70 pl Albunex® is diluted in 700 mi jsoton” and filtered through a
& pm filter: C, 200 ! Albunex® is diluted in 700 mi Isoton® and filtered through
a 5 um filter: D, 500 ul Albunex® is diluted in 700 ml jsoton® and filtered
through a 3 um filter.

The results of all the measurements and the simulations are shown in Figure 4-4,
Figure 4-5, Figure 4-6 and Figure 4-7. In each figure the transmission or scattering
as function of the frequency for the 4 transducers in their useful frequency range is
shown, together with matching simulations.

The scattering and transmission results for whole Albunex® are shown in Figure 4-4
and Figure 4-5. ‘There is a clear minimum of the transmission at 1.5 MHz
(Figure 4-4). The response calculated with the Albunex® microsphere model, with a
shell elasticity parameter of 8 Nm™ and shell friction of 4x10°° Nsm™" shows the same
pattern as the measurements. The total scattered power is virtually independent of
the frequency in the range from 1.5 to 12.5 MHz (see Figure 4-5). For lower
frequencies the scattered power increases with frequency. The calculated response
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according to equation [IV-5] and [IV-6] is shown in Figure 4-5. The difference
between the calculations and measurements is about 3 dB. The level of the scattered
power is about -20 dB cm™ meaning that 1 % of the incident energy is scattered
away.

The results obtained from filtered Albunex® dilutions are shown in Figure 4-6 and
Figure 4-7. Figure 4-6 contains all the transmission curves, while Figure 4-7 shows
the scatter curves. The four panels in each figure denote the results for microspheres
passing the Nuclepore® filters with pore sizes of 3, 5, 8 and 12 um. A comparison of
the panels in Figure 4-6 reveals that the frequency at which the minimum
transmission occurs increases as the diameter decreases. No minimum could be
detected in the frequency range from 750 kHz to 12.5 MHz for the microspheres
smailer than 3 um.

The measurements for scattered power, shown in Figure 4-7, indicate a constant
response for the 12 um microsphere at frequencies above 1.5 MHz. There is a clear
decrease in scattered power for 8 um microsphere at frequencies below 2 MHz,
above this frequency the scattered power is independent of the frequency. For the
curve of the 5 um filtered microspheres there is a frequency dependency below 6
MHz, while for the 3 um filtered microspheres there is a frequency dependency up
to 12.5 MHz. The calculated curves shown in the figures are based on results from
the size distribution measurement made after each set of recordings, using the
model-parameters S, equal to 8 Nm™ and S; equal to 4x10° Nsm™'. The agreement
between measurements and theory is satisfactory.

Discussion and Conclusion

The model, reported in chapter lll, for the acoustical behaviour of Albunex®
microspheres is far better at describing the behaviour of larger microspheres than
smaller ones. Especially at higher frequencies, the predicted scattered power and
attenuation are too high. By including the effect of a frictional loss in the shell into
the model, it has been possible to improve the calculations of the acoustic scatter and
attenuation of the smaller microspheres considerably. The values of the two
parameters describing influences due to elastic and viscous properties of the shell are
found by fitting the calculated acoustic transmission to the measurements, resuliing
in a shell elasticity parameter, S, equal to 8 Nm™ and a shel! friction parameter, S,
equal to 4x10°° Nsm™. The same parameters result in a calculated scattered power,
which is in good agreement with the scatter measurements.
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Figure 4-8 Aftenuation for the frequencies of 1, 2.5, 5 and 70 MHz, Albunex® dijuted
7:1000 and five microspheres size ranges.

The attenuation (the sum of scatter and absorbed power) is shown in the bar graph
of Figure 4-8 for five size ranges, and at four frequencies (1, 2.5, 5.0, 10 MHz}. The
results are recalculated for a standardized dilution of 1:1000. At T MHz the larger
microspheres dominate, especially the microspheres larger than 12 um. For higher
frequencies the relative contribution of the larger microspheres to the attenuation
decreases. The figure indicates that microspheres smaller than 3 um contribute
relatively littie to the attenuation for all frequencies studied.

In Figure 4-9 the scattered power normalised to the incident power is given for the
same freguencies and for the same size ranges shown in Figure 4-8. The values are
expressed for a standardised dilution of 1:1000, contributions smaller than -30 dB
cm™ are not shown. Microspheres with a diameter less than 3 pm only deliver a
substantial scattered power for a frequency of 10 MHz. Microspheres with a diameter
between 3-5 pm have a low contribution at a frequency of 2.5 MHz, but this
increases for higher frequencies. The microspheres with diameters between 5-8 um
dominate for the frequencies 2.5, 5 and 10 MHz. Microspheres with a diameter
larger than 8 um deliver a substantial contribution at all frequencies.
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The quotient of the scattered power and the attenuation is shown in Figure 4-10.
When using the scattering properties of a contrast agent, it is desirable to keep the
absorption as low as possible 1o avoid losing energy and shadowing biological
structures. This means that one prefers a high value of the scatter to attenuation
quotient. Microspheres smaller than 5 um have a low guotient, and their scattered
power is not high. For both 2.5 and 5 MHz and for both size ranges 5-8 um and 8-
12 um the quotient is around 0.1, where for the lower frequency the smaller size
range dominates and for the higher frequency the larger size range. For 10 MHz the
values of the quotient increases to 0.4, but this still means that the absorption is 1.5
times the scattering. For frequencies between 2.5 and 5 MHz, which are often used
in medical diagnosis, the absorption is around 10 times the scattering for
microspheres with diameters between 5 and 8 pm.

The relatively large apertures of the transducers resultin a significant phase difference
between the edge and the centre of the transducer when receiving the backscattered
signal. This can be as high as 90 degrees at the highest frequency and the largest
apertures for a measuring depth of 7.5 mm. This effect results in differences of up
to 2 dBin the received power. No corrections have been made to compensate for this
effect. By using separate transducers for receiving and transmitting, phase differences
can be reduced when receiving with a small aperture transducer, but this will
influence the sensitivity of the system.

The theory for microsphere scattering demands a sparsely populated scatter volume.
For a dilution of 1:10,000 the number of microspheres larger then 5 um per mm® is
about 20. For a frequency of 2.5 MHz this means 4, for 5 MHz 0.5 microspheres per
cubic wavelength. The measurement of the integrated backscatter as a functicn of
the concentrations shows that even for concentration at which an atienuation of 20-
30 dB em™ occurs, the number of microspheres can be considered as low.

Frequencies between 2.5 and 5 MHz are frequently used for cardiac diagnosis. For
these frequencies the scattered power divided by the attenuation is most optimal for
microspheres with a diameter between 5 and 12 pm. Microspheres largerthan 12 pm
contribute relatively little to the total scattering, but they are responsible for a high
attenuation. This can result in a shadowing of underlying heart structures. By
removing these larger microspheres this shadowing can be reduced without
weakening the scattering capabilities. The smailer microspheres (< 5 um) do not
contribute greatly to the backscatier either, but their attenuation is not a problem.
Thus, from an acoustic standpoint there is little reason to remove these,
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When injecting Albunex® intravenously, it is assumed that all microspheres appear in
the right ventricle, which will result in good seattering properties but aiso a high
attenuation. The lung capillaries eliminate the microspheres with a diameter larger
than about 8 um. Therefore microspheres appearing in the left ventricle demonstrate
ideal response properties, meaning good scattering properties and a low attenuation.
When Albunex® is used as an intracoronary contrast agent, it is assumed that all the
microspheres appear in the coronary system, which will deliver good scattering
properties, but alsc a high attenuation.
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Higher harmonics of vibrating gas filled
microspheres

Abstract

The acoustic behaviour of anideal gas bubble in wateris considered and the equation
of motion is extended to model an Albunex® microsphere. Calculations reveal large
differences in nonlinear behaviour between ideal gas bubbles and Albunex®
microspheres. Acoustic measurements on diluted Albunex® at two driving frequencies
{1 and 2 MHz) are reported which show that the fevel of the second harmonic
response is about 20 decibels below the first harmonic at an acoustic pressure
amplitude of 50 kPascal. It is demonstrated that, under controiled conditions, it is
possible to discriminate between Albunex® and other scattering/reflecting objects
using the nonlinear behaviour of the microspheres.

This chapter is based on a manuscript, which has been submitted for publication:
Title Higher harmonics of vibrating gas filled microspheres
Authers  :N. de Jong, R. Cornetand C.T. Lancée
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Introduction

The first theoretical description of the behaviour of bubbles exposed to an external
pressure field was developed by Lord Rayleigh in 1917 and is still useful today
although much has been done in the last forty years to extend this knowledge. In
1950 Noltingk and Neppiras® developed a theoretical description of the behaviour of
gas bubbles exposed to an acoustic field including some aspects of coilapsing
bubbles, while in 1959 Devin® thoroughly surveyed the fundamental processes by
which pulsating bubbles dissipate their energy. A linear approach describing the
phenomenon of resonating bubbles in a sound field was provided by Medwin® in
1977. Analysis of the nonlinear process however, is crucial to understanding the
higher harmonic phenomena and this did not occur until 1968. Tucker® suggested
that the presence of second harmonic echoes, which is solely due to the nonlinear
behaviour of bubbles, is very sensitive indicator for the presence of bubbles. One year
later Welsby” developed an analytical methed for describing the first as well as the
second harmonic of bubble vibration. As the mathematical sclution to the nonlinear
equation is virtually intractable over the entire frequency and bubble size range,
Lauterborn®in 1976, resorted to numerical techniques to describe the near resonance
behaviour of gas bubbles. The analysis was limited to a simplified model taking into
account only viscous damping.

Experimental work has parallelled the development of the analytical models. The
ultrasonic detection of resonant cavitation bubbles in a flow tube by their second
harmonic emission was reported by Miller” in 1981. The experimental results
obtained for bubbles of 4 um diameter agreed well with the theory, which was
similar to the analytical derivation given by Welsby. Eatock et al.’, using a numerical
approach, studied the magnitude of the nonlinear effect in the scattering of
ultrasound by nitrogen bubbles in water for ultrasonic frequencies and amplitudes
typical for diagnostic medical devices. They were interested in possible bubble
detection in blood or tissue for application in decompression research. This analysis
included all the damping mechanisms (viscous, thermal and reradiation) as well as the
polytropic exponent. They concludec that the application of the nonlinear effect to
the detection of bubbles would be limited to bubbles with radii smaller than 10 um.

Albunex® is a registered trademark of Molecular Biosystem, San Diego, USA and is

used for this study. The second harmonic behaviour of another contrast agent, SHU
508 (a registered trade mark of Schering, Berlin, Germany) has been described by
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Schrope™. The equation of motion as given by Eatock’® is investigated for gas
bubbles, and several exampies in the medical diagnostic frequency range 1-10 MHz
are demonstrated. The equation is extended for Albunex®, which is considered as a
suspension of encapsulated gas filled microspheres. Several simulations are presented
which show that the nonlinear behaviour of Albunex® is actually less than that of
ideal gas bubbles. The influence of the size distribution of Albunex® is also
investigated. The theoretical computations are compared with acoustic
measuremnents, Further it is demonstrated that 1t is possible to discriminate between
Albunex® and other scattering/reflecting objects using the nonlinear behaviour of the
microspheres.

About Albunex®

Albunex consists of microspheres of encapsulated gas surrounded by a shell of
human serum albumin. The mean diameter of the microspheres is about 4 um,
whereas the shell thickness is in the range of 15 - 20 nm. The mechanical properties
of the shell pertinent for the ultrasonic studies are described in chapter |1l and IV and
by De Jong™.
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Figure 5-1 The normalized size distribution of Albunex® as measured with the Coulter
counter.
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Essentially two parameters are involved: S, a shell efastic parameter with a estimated
value of 8 Nm™ and S,, a shell friction factor with a estimated value of 4x10® Nsm™.
The presence of the shell surrounding the bubble causes an increase in stiffness of the
overall bubble-liquid system and an increase in energy loss due to the internal friction
inside the shell. The size distribution of Albunex® as measured with a Coulter counter
is shown in Figure 5-1. The mean diameter of the microspheres of the batch used in
this study is 3.8 um and the concentration before dilution 9x10° microspheres/ml. (in
this study an experimental Albunex® production batch is used. This batch has a size
distribution equal to that of the batches used for ¢linical trials, but with a somewhat
higher concentration.) About 95% of the microspheres are smaller than 10 pm, while
there are microspheres present larger than 15 pum.

Theory

The bubble mode! developed by Rayleigh provides the theoretical basis: the bubble
contains gas and vapour, is considered as spherical and is surrounded by an
incompressible liquid of infinite extent. The volume is defined by a single variable, the
radius, and the motion is assumed to be spherically symmetric. The wavelength of the
ultrasound is rauch larger than the radius of the bubble and only the behaviour of the
bubble surface is of interest. The liquid is Newionian, so its viscosity is constant. itis
assumed that the wvapour pressure remains constant during the
compression/expansion and that there is no rectified diffusion during the short period
of exposure to the ulirasound. The gas in the bubble is compressed/expanded
according to the gas [aw with the polytropic exponent I remaining constant during
the vibration. it is necessary to solve the equations of the conservation of mass and
momentum for the gas and the liquid phase to account adequately for the vibration
of the bubble. The following expression is given by Eatock™® for an ideal gas bubble
and is called the RPNNP equation named to its developers Rayleigh, Plesset, Noltingk,
Neppiras & Poritsky.
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instantaneous bubble radius

first time derivative of the radius
second time derivative of the radius
density of the surrounding medium
initial bubble radius

e R e o T v o
o nun i

b=



Higher harmorics of vibrating gas filled microspheres

L T | O 1 R T R T ||

Pt

initial gas pressure inside the bubble
polytropic exponent of the gas

vapour pressure

hydrostatic pressure

surface tension coefficient

total damping coefficient

angular frequency of incident acoustic field
time varying acoustic pressure,

The initial gas pressure inside the bubble, p,., and the total damping coefficient, 3,
are given by:
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damping coefficient due to re-radiation

damping coefficient due to viscosity of the surrounding liquid
damping coefficient due to heat conduction

damping coefficient due to the internal friction inside the shell
shell friction parameter

effective mass of bubble-liquid system.

Expressions for the thermal, reradiation and viscous damping coefficients together
with the effective mass of the bubble-liquid system are given by Medwin®.

For an Albunex® microsphere there is an additional loss term due to the internal
friction inside the shell and an additional restoring force due to the shell stiffness. The
internal friction can be expressed as in equation [V-4]", while the restoring force is
equivalent to an additional pressure difference equal to $,(1/R -1/R)™ as described
in chapter lll and V. Equation[V-1] becomes then:

2c

.3 . R 1 1 ;
pRR+—2* pR2= pgo(ﬁo)m‘ P, p,’o_ _R' - Sp(ﬁ_ - “RS) B SrmpRR_ pac(t) fv-31
0
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The values of the shell elasticity parameters, S, and the shell friction S; have been
determined for Albunex® in chapter IV and their values are 8 Nm™ and 4x10® Nsm™
respectively’. The damping coefficient appearing in equation [V-3] are derived from
the linear theory and are therefore assumed to be independent of the applied
pressure. For high pressures this may not hold, but the pressure is assumed fo be
within the limits associated with the linearized theory. In equation [V-5] all variables,
except the radius and its time derivatives, are determined by their initial conditions
and are considered as constant during the bubble vibration (the lumped constant
approach).

Simulations
method

Calculations are performed for an air bubble and an Albunex® microsphere in water
at 20 °C. Physical constants used are summarized in Table V-a, The list includes the
constants, such as viscosity, acoustic velocity, specific heat and thermal conductivity
which are used to calculate the damping coefficient.

Table V-a  Physical constants used in simulations.

water density o 998 kg m*
: surface tension o 0.072 Nm’
viscosity 1 0.001 Nsm?
acoustic velocity c 1500 ms”
vapour pressure P, 233 N m?
air ratio specific heat ¥ 1.4
density Pe 1.3 kg m?
specific heat at constant pressure o 1000 Jkg'K™
: thermal conductivity C, 0.024 Wm" K’
Albunex shell elasticity parameter > 8 N m’
: shell friction parameter S 410° kg s”
general atmospheric pressure Pio 1.01 10° N m?
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The solution of equation [V-5] results in an instantaneous radius, velocity and
acceleration of the bubble wall. The scattered sound pressure at the bubble surface,
p.. is defined in equation [V-6]"

lp (ne)|=|prwR Rinw)| [V-6]
P, = scatfered pressure
p = density of the surrounding liquid
® = angular frequency
n = harmonic number (1, 2,3,.....7/2, 1/3 ....)
R, = initial radius
R = first derivative of the radius

The scattering cross-section, X.", of the n-th harmonic of a scatterer, defined as the
quotient of the scattered power and the incident acoustic intensity of the first
harmonic, is used as the parameter defining the acoustic behaviour.

5= 411:R2,.__..__|p L) v-7]
’ PROR

Pl = applied acoustic pressure

The second order differential equation [V-5] can be solved numerically using the
fourth order Runga Kutta method. A sinusoidal wave is taken as driving acoustic
pressure which starts at t=0 and is cosine windowed for the first five periods to
quickly reach a steady state condition. The amplitude of the acoustic wave is 50
kPascal unless stated otherwise. The initial conditions at t=0 are those of a bubble at
rest: R=R, and R = 0. Values for the instantaneous radius, velocity and acceleration
of the bubble are taken after a steady state is reached. The angular resonance
frequency @, is determined according to Eatock™.

Results

The simulations have been carried out with driving frequencies, bubble sizes and
pressure amplitude which are realistic in the field of diagnostic ultrasound. The
following categories are considered:

a) The scatfering cross-section of ideal gas bubbles, with diameters of 2, 3.4 and 6
um, driven at a frequency of 2 MHz and a amplitude of 50 kPascal is calculated.
The resonance frequency of 2 um bubble is 4 MHz, for 3.4 um 2 MHz and for 6
um 1.1 MHz. So the bubbles are driven at half resonance, resonance and above
their resonance frequencies.

b) The scattering cross-section of Albunex® microspheres, with diameters of 6, 9.6
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and 20 um, driven at a frequency of 2 MHz and a amplitude of 50 kPascal is
calculated. The resonance frequency of & um microsphere is 4 MHz, for 9.6 um
2 MHz and for 20 um 700 kHz. So the microspheres are driven at half resonance,
resonance and above their resonance frequencies.

¢) The scattering cross-section of an ideal gas bubble with a diameter of 3.4 um and
an Albunex® microsphere with a diameter of 9.6 um are compared as a function
of the driving frequency. For these diameters a maximum occur at a driving
freguency of 2 MHz.

d) For a typical Albunex® size distribution the scattered power as a function of the
diameter is calculated at two driving frequencies, 2 and 3.5 MHz.

e) The scattered power as a function of the driving frequency is calculated for two
size distributions; a typical Albunex size distribution and a distribution where
microspheres larger than 8 um haven been removed.

a) ideal gas bubble

The results of the simulation studies for ideal gas bubbles, with diameters of 2, 3.4
and 6 um, driven at a fixed frequency of 2 MHz, and an acoustic pressure of 50
kPascal are shown in Figure 5-2. The left panels shows 3 periods of the relative
diameter change of the bubble after 15 periods (t=0 in the figure), while the right
panels present the corresponding Fourier transforms expressed in the scattering
cross-section using equation [V-6] and [V-71. The scattering cross-section of the
bubble with a diameter of 6 um at 2 MHz is 200 um? which is about twice as high
as its physical scattering cross-section, which is equal to 4nR?, due to fact that 2 MMz
is not far above resonance. The vibration can be considered only slightly nonlinear
as shown by the 20 dB drop in the 4 MMz component. The driving pressure and the
change in diameter have a phase difference of approximately 180°, which is typical
for a méss—spring system acting above its resonance frequency®. A bubble with a
diameter of 3.4 um driven at its resonance frequency shows a change in diameter
which varies between 60% of its initial diameter in the expanding phase and about
40% In the compression phase. The driving pressure and the diameter are 100° out
of phase for this amplitude of the driving pressure. For low amplitudes (linear case)
the phase difference is 90°. The resulting scattering cross-section contains higher
harmonics which even exceed that of the first harmonic, which has a value of 670
um?. When such highly nonlinear behaviour occurs, the level of the first harmonic is
no longer independent of the applied pressure, but actually decreases as pressure
increases because energy flows into the higher harmonics. A bubble with a diameter
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Figure 5-2 Calculated behaviour of an ideal gas bubble in water for an acoustic driving
frequency of 2 MHz at a pressure amplitude of 50 kPascal. Bubble diameters;
6 um (above resonance); 3.4 um (resonance) and 2 um (half resonance). The left
panels show the change in diameter as a function of time, the right panels the
corresponding frequency domain components,
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of 2 um exposed to an acoustic field of half its resonance frequency, generates higher
harmonics with a magnitude which is 20 dB higher than the first harmonic.

b) Albunex® microsphere

Simulation studies for Albunex® microspheres, with diameters of 6, 9.6 and 20 um,
driven at a fixed frequency of 2 MHz, and an acoustic pressure of 50 kPascal are
shown in Figure 5-3. Compared to an ideal air bubble these results are less
spectacular. The shell surrounding the Albunex® microsphere increases the stiffnesses.
Therefore the diameter at which resonance occurs is larger than that for an air
bubble. For the microsphere with a diameter of 20 um, the relative change in
diameter is very small. The scattering cross-section is 1200 um?, which is close to its
physical scattering cross-section. The second harmonic is more than 40 dB below the
first harmonic. For the microsphere at resonance (9.6 um diameter), the diameterand
driving pressure are out of phase as shown in the middle pane! of the figure. The
scattering cross-section at 2 MHz is 1200 um?, which is more than 4 times the
physical scattering cross-section. The second harmonic at 4 MHz has a value which
is about 20 dB below the first harmonic. The lower panel (6 um diameter) shows the
response for a microsphere driven at half its resonance frequency. The second
harmonic is more than 20 dB below the first harmonic. The absolute value of the
scattering cross-section at the first harmonic is 20 dB below the physical scattering
cross-section due to the steep frequency dependency of the scattering cross-section
below resonance. The absclute value of the second harmonic is of the same order of
magnitude as that of the microsphere with a diameter of 20 um.

¢) Ideal gas bubble vs Albunex® microsphere

The scattering cross-section of the first and second harmonic for an Albunex®
microsphere (diameter: 9.6 um) and an ideal gas bubble (diameter: 3.4 um) is shown
in Figure 5-4. The driving frequency is denoted on the x-axis. The diameters have
been chosen such that the first harmonic is maximum at a driving frequency of 2
MHz. Above this frequency the scattering cross-section becomes equal to the
physical scattering cross-section. The overall level of the scattering cross-section for
an ideal gas bubble is, of course, lower than this for the Albunex® microsphere due
to the difference in diameter. The second harmonic maxirmum occurs at a driving
frequency of 2 MHz, which means that this second harmonic has a peak amplitude
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Figure 5-3  Calculated behaviour of an Albunex” microsphere in water for an acoustic

driving frequency of 2 MHz at a pressure amplitude of 50 kPascal. Microsphere
diameters 20 pm (above resonance); 9.6 pym (at resonance) and 6 um (half
resonance). The left panels gives the change in diameter as a function of time,
the right panels the corresponding frequency components.
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Figure 5-4 Calculated scattering cross-section as a function of the driving frequency at a
pressure amplitude of 50 kPascal. Left panel: an ideal gas bubble with a
diameter of 3.4 pm. Right panel: an Albunex” microsphere with a diameter of
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Figure 5-5 Calculated scattered power as a function of the diameter of the Albunex®
microsphere corrected for the size distribution as shown in Figure 5-1. Left
panel: driving frequency 2 MHz. Right panel: driving frequency 3.5 MHz
Pressure amplitude 50 kPascal. —, First harmonic; - - -, Second harmonic.
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Figure 5-6 Calculated scattered power as function of the driving frequency at a pressure
amplitude of 50 kPascal. Left panel: unfiltered Albunex”. Right panel: filtered
Albunes® filter pore size 8 um. —, First harmonic; - - -,Secend harmonic.

at 4 MHz. Both panels demonstrate a steep drop in the magnitude of the second
harmonic for lower and higher driving frequencies. There is a secondary maximum
at half the resonance frequency for the ideal gas bubbles, but this is barely noticeable
for the Albunex® microsphere.

d) Albunex® containing microspheres of different sizes

While the previous modelling is performed for only one specific diameter of the
bubbies or microspheres, in practice these bubbles or microspheres will cover a
certain size range. Albunex® has a rather broad size distribution, as shown in
Figure 5-1. The normalized scattered poweris computed and presented in Figure 5-5.
At 2 MHz Albunex® microspheres with a diameter around 10 pm contribute most to
the scattered power. At 3.5 MHz a maximum is found for a diameter of & um, while
the level of predicted scattered power is only a few decibels lower compared to that
at 2 MHz. For the second harmonic the scattered power peaks at the same diameter
as for the first harmonic.
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e) Filtered Albunex®

Finally, the first and the second harmonic of the scattered power, as a function of the
frequency, for two different size distributions of Albunex® is shown in Figure 5-6. The
first one is the same size distribution as shown in Figure 5-1. The second one is based
on the measured size distribution after filtering diluted Albunex® through a
Nuclepore® filter with a rated pore size of 8 um, resulting in a truncated distribution
at8um' asshown in Chapter I1l. Unfiltered Albunex® results in a calculated scattered
power which is independent of frequency above 1.5 MHz. The second harmonic
shows a maximum at 1 MHz, which is 10 dB lower than the first harmonic. The first
harmonic for filtered Albunex® is frequency independent above 3 MHz, while the
second harmonic shows a maximum at 2.5 MHz, which is about 20 dB below the first
harmonic.

Measurements

Set-up
Higher harmonics occur during the transmission of an ultrasonic wave through water

as a result of nonlinear propagation effects. For a plane wave with an acoustic
pressure p,. the second harmonic, p, is given by'™:

_ /B nf . :
pz" (7:\,-4-2) 2pc3fpac iv-8]
B/A = nonlinear parameter of the medium
f = frequency
p = density of the medium
c = acoustic velocity
P, = applied acoustic pressure

distance travelled from the source.

The nonlinearity pararmeter B/A has a value of 5.2 for water. For example, if we take
an acoustic pressure of 100 kPascal at a frequency of 2 MHz, the second harmonic
component for a plane wave has a value of -23 dB below the original component at
a distance of 10 cm from the source. Therefore, in order to avoid any
misinterpretation of the results the maximum travel distances used here are 4 cm
which results in a maximum nonlinear component of -37 dB for acoustic pressures
less than 50 kPascal.

Three kinds of measurements are carried out: 1) Nonlinearity parameter B/A, 2)
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Scattering and 3} Imaging measurements. The measurement set-up is ilustrated in
Figure 5-7. The transducers are mounted in a rectangular waterbath which measures
40 mm square. The acoustic beams of the transducers lie in one plane. The
transducers are driven by a sine wave generator and controlled with respect to
amplitude, frequency and the burst length. The received signal is amplified and
digitized by an analog to digital converter (Lecroy 9400) and sent to a personal
computer (IBM compatible 485 ) for further signal processing. The transmitting
transducers are calibrated with a Marconi PVDF Hydrophone (type Y-33-7603) with
an aperture of 0.5 mm.

1) Nonlinearity parameter B/A.

Transducers with a center-frequency of 1 and 2.2 MHz, are used as transmitters at
an applied frequency of 1 and 2 MHz respectively. The burst length is limited to 10
periods. The receiving transducers are placed opposite to the transmitters, and have
a center-frequency of 3.5 and 5 MHz respectively. The sensitivity of the transducer
with a center frequency of 3.5 MHz is -20 dB at 1 MHz and -10 dB at 2 MHz. The
transducer with a center frequency of 5 MiHz has a sensitivity of -10 dB at 2 MHz
and -5 dB at 4 MHz. The applied acoustic pressures are 25 and 50 kPascal.
Measurements are carried out with Albunex® diluted 1:40,000 in Isoton®

2) Scattering

The two transducers with center frequency 1 and 2.25 MHz are used as transmitters
with an applied frequency of 1 and 2 MHz respectively. Burst length is 3 periods. The
amplitude of the acoustic pressure is 25 and 50 kPascal. The two transducers have
an aperture of 13 and 9 mm respectively, resulting in a focal length of 25 mm. The
receiving transducer has a center-sensitivity at 3.5 MHz and a aperture of 10 mm.
Albunex® diluted 1: 20,000, Albunex® filtered with a 8 um Nuclepore® filter and
Eccospheres® are measured. Eccospheres® are glass coated microspheres filled with
gas. The coating of these spheres is about 1.5 pm thick and the sizes ranges from 2
to 50 pm. Twenty gram of this product is suspended in water and filtered with a 12
um Nudepore® filter to remove the larger spheres. These Eccospheres® are free of
resonance phenomena in the frequency range 1-5 MHz, and it is therefore expected
that they will not show any nonlinear behaviour.

93




Chapter 5

Transmitter Transmitter
1 (1 MHz) 2 (1 MHz)
Transmitter Receiver Receiver
(2.2 MHz) (5 MHZz) (3.5 MHz)

Receiver Transmitter
(3.5 MHz) (2.2 MHz)
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Figure 5-7 Measurement set-up. 1) set-up for measuring B/A parameter. 2) Scattering
measurements. 3) "imaging" experiment.

3) Imaging

Current imaging in medical diagnostic ultrasound is performed using one transducer
to generate the ultrasonic energy and to receive the backscatiered signal. This
situation is reproduced using only one transducer t¢ act as both transmitter and
receiver. The transducer has a center-frequency of 3.5 MHz and the transmitting
signal consists of a burst of 2 periods at 2.2 MHMz. The backscattered signal contains
both 2.2 MHz as well as 4.4 MHz components. These components are extracted by
digital processing. The medium consist of Eccospheres® smaller than 12 um, Albunex®
diluted 1:20.000 in another inner cavity, and a flat plate of TPX® material. The
duration of the captured signal is 50 us corresponding to a travel distance of 37 mm.

Resulls

1} Nonlinearity parameter B/A

Nonlinear propagation can be expressed in terms of the ratio of the second harmonic
and the first harmonic component. The results of the studies in pure Isoton® and
Albunex® diluted 1:40,000 in Isoton® at two different acoustic pressures and two
driving frequencies are shown in Figure 5-8. The addition of Albunex® results in a
substantial increase in nonlinear propagation in all cases. For example, at a driving
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Figure 5-8 Measured second harmonic amplitude for driving frequencies 7 and 2 MHz and
for an acoustic pressure amplitude of 25 and 50 kPascal for Isoton® and
Albunex® difuted 1:40,000 in Isoton®. Acoustic path is 40 mm.

frequency of 1 MHz and an amplitude of 50 kPascal the second harmonic component
increases from -52 dB in pure Isoton® to -28 dB for diluted Albunex®.

A 6 dB increase is expected for Isoton® for a doubling in frequency or acoustic
pressure. For a plane wave of a frequency of 1 MHz and a pressure of 50 kPascal the
calculated value of the second harmonic is -43 dB, while only -52 dB is measured.
These differences can be ascribed to the assumption in the theoretical model that
there is an homogeneous acoustic field, whereas the near field condition prevails
from 0 10 30 mm, resulting in pressure varying with distance from the transducer'®.

2) Scattering

Ultrasonic scattering properties of diluted, unfiltered Albunex® is compared with the
scattering of Eccospheres®, with spheres smaller than 12 um. The concentration of
the Eccospheres®is chosen such that the scattered amplitude is of the same order of
magnitude as the scattering of Albunex®. An example of a time trace, together with
the frequency response averaged from 62 time traces, is shown in Figure 5-9. No
correction has been made for the difference in the sensitivity at 1 and 2 MHz of the
3.5 MHz receiver. Albunex® shows a clear sensitivity at the second harmonic, which
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is 8 dB (uncorrected) below the first harmonic. The level of the second harmonic for
the Eccospheres® is more than 20 dB below the first harmonic.

The results for filtered and unfiltered Albunex® at two driving frequencies (1 and 2.2
MHz) is shown in Figure 5-10. A 3.5 MHz transducer is used as receiver and the
received power at 1 and 2.2 MHz is corrected for the sensitivity of this transducer.
The first harmonic is always higher than the second harmonic. For filtered Albunex®
the difference is about 30 dB, for unfiltered 20 dB. It can be noticed that the effect
of filtering on the magnitude of the second harmonic is considerable at a driving
frequency of 1 MHz, while at 2.2 MHz the effect is minimal.

3) Imaging

An example of an A-mode recording from a medium containing Eccospheres®,
Albunex® and a flat plate reflector is shown in Figure 5-11. The driving frequency is
2.2 MHz as transmitted by the 3.5 MMz transducer. The time trace as received by the
same transducer is shown in the top panel. The flat plate response can be clearly
recognised, while the Albunex® and the Eccospheres® scatter more or less equally for
this specially chosen concentration. The received signal, filtered with a Gaussian
bandpass filter (center-frequency 2.2 MMz, bandwidth 0.5 MHz), extracls the first
harmonic and is shown in the middie panel. The second harmonic, cbtained by
filtering the original signal with a bandpass filter (center frequency 4.4 MHz,
bandwidth 0.5 MHz), is shown in the bottom panel. The scale of the y-axis is
different from the other panels in order to magnify the effect. The Albunex® response
at 4.4 MHz (second harmonic) is much higher than that of the Eccospheres® and the
flat plate, clearly demonstrating the nonlinear behaviour of Albunex®.
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Figure 5-9 Measured response with the 3.5 MHz transducer as receiver and the 7 MHz

transducer as transmitter for Albunex”® and Eccospheres”, Left panels: time traces.

Right panels: corresponding frequency components after Fourier transformations
and averaging.
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frequency 2.2 MHz.
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Figure 5-11 Time signal as received by the 3.5 MHz transducer.Top panel: Time signal as
received by the transducer. Middle panel: Time signal after bandpass filtering
at 2.2 MHz. Bottom panel: Time signal after bandpass filtering at 4.4 MHz.

o8



Higher harmonics of vibrating gas filled microspheres

Discussion

Simulations of the bubble behaviour by solving the RPNNP eguation [V-1] for all the
possibie variables results in large volume of computational data. We have restricted
ourselves to a specific driving frequency of 2 MHz, specially chosen diameters of the
bubble at which resonance occurs, a fixed acoustic pressure amplitude of 50 kPascal
and as a medium water at 20° C. The 2 MHz driving frequency is realistic in the field
of medical diagnosis, both resolution and the attenuation for the first as well for the
second harmonicis acceptable. The bubble diameters vary in our simulations between
2, 3.4 and 6 um and the driving frequency is then above resonance, at resonance,
and half the linear resonance frequency of the bubble. Fatock' concluded that with
a moderate acoustic amplitude of 50 kPascal the behaviour of bubbles is essentially
finear, uniess the driving frequency maiches one of the following conditions: it is
within 10% of the resonance frequency of the bubbile, or it is a low integer fraction
(1/2, 1/3,...) of the resonance frequency, or to a lesser extent, it is a low harmonic
of the resonance frequency.

The simulation for air bubble and Albunex® microspheres in water illustrated in
Figure 5-2 and Figure 5-3 show that the ratio of second and first harmonic has its
greatest value when the driving frequency is at half resonance frequency, while the
absolute value of the second harmonic is maximal when the driving frequency equals
the resonance frequency. The magnitude of the scattering cross-section of the
second harmonic for a resonant Albunex® microsphere is more than 20 dB lower than
a resonant air bubble. Calculating the scattered power of the second harmonic of
Albunex®, taking into account its size distribution, shows a maximum value at a
driving frequency of 1.5 MHz. At a driving frequency of 2 MHz the difference
between first and second harmonic is 25 dB. Comparing an air bubble with an
Albunex® microsphere, both driven at a frequency of 2 MHz, being half the
resonance frequency (see Figure 5-2 and Figure 5-3, bottom panels), delivers a
remarkabie difference in the magnitude of the second harmenic compared to the first
harmonic. The friction inside the shell, which dominates for small microspheres is
responsible for this effect.

Measurements demonstrate that a second harmonic response occurs for Albunex®,
which is 20-30 dB lower than the first harmonic for acoustic pressures up to 50
kPascal. Comparison of Albunex® with Eccospheres, as shown in Figure 5-9 and in the
"imaging” experiment as shown in Figure 5-11, reveal significant differences in the
second harmonic magnitude. In both experiments it is important to minimize the
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acoustic travelling path in the Isoton® in order to avoid any misinterpretation.
Comparison of the scattering measurements for 1 and 2.2 MHz driving frequency is
difficult for technical reasons. The acoustic pressures have been measured with a
calibrated sensor of limited accuracy (10 %). Furthermore, the beams of the two
transducers have different profiles, and the pressure is not constant in the region of
scattering. The resuits of such comparative measurements should therefore be
interpreted with caution,

There is an apparent increase in the nonlinearity in the medium when adding
Albunex®. The value of B/A increases by a factor of 100 for a dilution of 1:40,000 of
Albunex® as shown in Figure 5-8. For biological tissue at diagnostic frequencies values
of B/A vary between 10 and 15 (water, B/A=5)"3",

Small rigid spheres are used in our experiments, which, like the Albunex microsphere,
approximate an omnidirectional scattering for long wavelengths®®*'. Therefore any
misinterpretation, resulting from a combination of the nonlinear propagation in water
and the omnidirectionallity of the scattering of Albunex® microspheres is avoided.

The scattered power at a frequency of 2.2 MHz indicates a difference between first
and second harmonic of 16-20 dB as shown in Figure 5-10 for both filtered and
unfiltered Albunex®. A difference of 25 dB is predicted in Figure 5-6, which is lower
than the measured values, and may be due fo a pressure dependency of the two
model parameters S, and S,,. Another possible explanation is the fact that the acoustic
wave is not a plane wave with a constant pressure amplitude at the place of
measurement. Furthermore, it is noted that the pressure dependency is not a simple
quadratic function of the driving pressure amplitude. This is a subject for further
study.

Measurements reported here are performed at acoustic pressure amplitude between
25 and 50 kPascal with a sine burst consisting of 10 periods. Under these conditions
rectified diffusion can be neglected".

Exploitation of the second harmonic component opens new perspectives for 2D
echocardiography. For example, simultaneous images can be made using two
transducers: one providing a normal 2D image with all heart structures including the
contrast agent; the other providing an image of only the contrast agent. In the
"imaging" experiments reporied here one transducer is used as transmitter and
receiver. 1t is unavoidable that significant second harmonic compenents are sill
present in the transmitted signal when the transducer is used below its center
frequency (in our experiment the 4.4 MHz component is 25 dB below the 2.2 MHz).
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As this can totally obscure the effect for strong reflectors, it is better to construct a
special "second harmonic transducer". Such a transducer would consist of a small
circular transducer and a ring-shape transducer designed to operate at the double
frequency. Both transducers should be mounted in the same plane, but with a Jow
mechanical coupling. Another possibility is to construct a combination ferro-electric
cerarnic with polymer piézo-electric material. The ceramic disc can generate the
transmitting acoustic signat and the polymer material, which is mounted on top of
the ceramic disc can act as receiver. Two special properties of the polymer material
can be exploited: it is a relatively good receiver and, because of its low acoustic
impedance, and it aiso acts as an acoustic matching layer between ceramic and the
medium. The latter solution has the advantage of a better acoustic beam definition.

Conclusion

The presence of second harmonic scattering component of Albunex® has been
demonstrated. This opens new perspectives for echocardiographic imaging
technology and one possible use in 2D echocardiography is outlined. Further studies
need to focus on a possible pressure dependency of the two model parameters S; and
S, and an improved definition of the transmitted acoustic field.
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TRANSPULMONARY ECHOCONTRAST
EFFECTS

Abstract

The contrast effect in the right and left ventricle after intravenous injection of
Albunex® in healthy volunteers is reported. The observed effects, especially the
difference in contrast enhancement between the right and left ventricle are explained
based on in-vitro experiments. Albunex® is administrated intravenously in three
dosages; 0.01, 0.02 and 0.04 ml per kg body weight in 10 healthy volunteers.
Echocardiographic studies are performed using the apical four chamber view. Offline
analysis of the video density for different regions are carried out for all dosages. in
all the subjects a density increase in the left ventricle could be observed after infra-
venous injection. Albunex®, exposed to a range of overpressures, are studied under
the microscope. A model of the Albunex® microspheres together with a model of the
sieving action of the lung capillaries, is used to calculate the expected backscattered
power. In vitro testing of Albunex® diluted in 5% human serum albumin at an over-
pressure of 160 mmHg reveal disappearance of the microspheres. The expected
calculated decrease in backscattered power before and after lung passage of the
contrast agentis 10 dB for 2.5 MHz.

This chapter is based on a manuscript, which has been published:

Title :Quantification of transpulmonary echocontrast effects
Authors  :N. de Jong, FJ. ten Cate, W.B. Vletter, J.R.T.C. Roelandt
In :Uitrasound in Medicine and Biology 1993 15(4)
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INTRODUCTION

Contrast echocardiography has been evolving since 1968 when Gramiak and Shah'
observed a contrast effect following indocyanine dye injection on M-mode
echocardiagrams. Since that time the clinical application of contrast echocardiography
has been largely replaced by colour Doppler flow imaging. More recently, contrast
echocardiography gained renewed interest when experimental studies indicated it's
potential to assess myocardial perfusion. Using intracoronary or intra-aortic injections,
contrast agents have been used to identify myocardial perfusion defects® and areas
at risk®, and to indicate coronary blood fiow™® or flow reserve®”. However, in order
to accurately measure perfusion, a contrast agent must satisfy several criteria. The
agent should be inert, that is without systemic hemodynamic effects, and should not
alter coronary blood flow®. The microspheres which provide backscatter for
echocardiographicimaging should not be larger than red blood cells, and should have
identical velocity flow profiles and physiologic transit times without impeding flow.
The microspheres must persist long enough to perfuse the tissue to be imaged, and
provide adequate ultrasound backscatier to be detected with available equipment.
For purposes of quantification the ultrasound properties of the agent have to be
known together with the conceniration and size distribution in the area of interest.
Agents which have been used in the past have failed to meet one or more of these
criteria. Many are hyperosmolar and therefore alter coronary blood flow and/or
systemic biood pressure®®"", while others alter left ventricular contractiiity. Hand
agitated solufions and hydrogen peroxide contain relatively large microspheres
providing good backscatter, but impede capillary flow and have prolonged transit
times', Also, microspheres used in early studies are neither small nor stable enough
to pass through the pulmonary circulation in sufficient quantities to opacify the left
ventricle following an intravenous injection’.

Experimental studies with sonicated albumin microspheres have shown that these are
sufficiently small and stable, with satisfactory longevity and capable of passing
through the pulmonary circulation in experimental animals, and that they do not alter
hemodynamics, coronary blood flow, or left ventricular contractility’. Furthermore,
sonicated albumin microspheres can be generated in high concentrations, thus
providing an intense backscatter despite their small size. Sonicated albumin therefore
appears to fulfil all the criteria set forth for an "ideal” myocardial contrast echo
agent.

Recently, clinical experience using intravenous Albunex®, 2 sonicated albumin solution
containing stable microspheres of known size and concentration, has been reported.
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The agent s safe and causes left heart opacification after intravenous injection’®. We
studied the in-vitro behaviour of Albunex® in order to explain the observed contrast
effects in the right and left ventricle after intravenous injection of increasing dosages
of Albunex® in humans.

Table Vl-a Dosage regimen for the 10 volunteers participating in the study. Low con-
centration = 4.7x10°, high concentration = 8.3x10° microspheres/ml.

Injection no Material ([r)n?slfgg‘?) (mc.i’r';iiite?if}fm)

0 Human serum Albumin 1 ml 5%

1 Albunex® 01 4.7x10°
2 Albunex® 01 8.3x10°
3 Albunex® .02 4.7x10°
4 Albunex® .0z 8.3x10°
5 Albunex® 04 4.7x10%
6 Albunex® .04 8.3x10°

METHODS AND MATERIALS

The studies are performed in ten heafthy male volunteers, age 20-25 years after
giving written informed consent. All underwent a complete history and physical
examination, electrocardiogram, and laboratory evaluation including glucose, serum
electrolytes, urea, creatinine, calcium, phosphate, uric acid, cholesterol, liverprofile,
complete blood count, thrombin time, and urinalysis. All subjects are required to be
within 10% of their ideal body weight, with blood pressure between 100-140 / 70-
90 mmHg, heart rate between 50-90 beats/min, temperature less than 37.1 centi-
grade, normal electrocardiogram, and normal laboratory data. Exclusion criteria
included previous neurofogic, cardiac or iung disease, known right to left heart

“shunts, blood product allergies, drug or alcohol dependence, or women of child
bearing potential. No echocardiographic abnormalities are noted. These volunteers
can be defined as normal in so far as this can be established by complete medical
examination. The protocol is approved by the Medical Ethics Committee of the
hospital. The safety aspects have been reported recently™.

Two-dimensional echocardiographic examination.

The volunteers are examined in the left lateral decubitus position using a Toshiba
SSH/160A apparatus with a 3.75 MHz phased array transducer. As all volunteers are
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healthy and young, they are able to breathe as superficially as possible. This is done
to keep the 2D echo image as stable as possible during the injection of Albunex® and
to minimize the effects of venous return on the echocontrast images. Apical four-
chamber views are obtained, and gain settings and density are optimized at the
beginning of the examination. These settings are not changed during the examin-
ation. images are recorded on VHS 1/2 inch videotape.

Albunex® administration protocoi

A 20 gauge intravenous catheter is placed in a large forearm vein of the subject and
a maintenance infusion of normal saline is initiated. The contrast agent used
(Albunex®, Molecular Biosystems, San Diego CA, USA ) is a stable, prepared albumin-
based agent consisting of microspheres with a mean diameter between 3-5 um. Two
solutions of different microsphere concentration are administered, 4.7x10°
microspheres/mi (low concentration) and 8.3x10° microspheres/mi (high concentra-
tion). Three different dosages are used; 0.01, 0.02 and 0.04 ml per kg body weight.
Prior to the first Albunex® injection, subjects received a 1 ml dose of 5% human
albumin as control. The complete dosage regimen is given in Table VI-a. Injections
are administered through a three-way stopcock connected to the intravenous
catheter, and following each injection, the saline is allowed to run wide-open for 30
seconds to flush the injection. After the injections, the heart rate, blood pressure,
respiratory rate and electrocardiogram (via the single lead electrocardiogram
displayed on the echo apparatus) are reccrded and a neurologic evaluation is made.

Two-dimensional echo imaging is performed just prior to each injection and
continued for 3 minutes following each injection or until contrast is no longer visible.
A final four-chamber image is recorded foilowing the last injection. An example of
a video recording just before injection and at its peak density after the injection is
shown in Figure 6-1.

Videodensitometry

The video recorded images are digitized via an IBM AT computer, connected to a
high resolution frame grabber which allows acquisition of 52 frames. Image
resolution is 512 x 512 pixels. The video gray scale values are expressed in 256 (8 bit
resolution) levels, where the value 0 means black (no echo) and 256 white (maximum
echo). The video gray scale value is referred to as density throughout this manuscript
and is expressed in arbitrary units.
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Figure -1 Four-chamber view of a normal heart. Panel A, prior to contrast injection; Panel
B, contrast in the right ventricle; Panel C, contrast in both left and right
ventricle; Panel D, after 30 s the contrast in the right ventricle starts fo diminish,

e
RV
RA LA

Figure 6-2 Schematic iflustrations of the five regions of interest. 1, right ventricular cavity;
2, the inflow part of the left ventricular cavity; 3, the apex of the left ventricular
cavity; 4, the middle of the interventricular septal myocardium; 5, and the
myocardium of the lateral wall of the left ventricle.
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Five regions of interest for each of the 52 acquired video images are identitied.
Position and orientation of each region can be adjusted independently in ali images.
it is also possible to change the preset regions of interest in particular images as all
information is stored on disk and is always available for re-processing. Measurements
are carried out automatically once all regions are defined. Analysis includes measure-
ments of the mean density and deviation in each region as well the corresponding
time density curve. All parameters of this curve can be calcuiated, including the
maximum density, density increase and decrease, and area under the curve.

The regions of interest are placed in the right ventricular cavity (1), the infiow part
of the left ventricular cavity(2), the apex of the left ventricular cavity (3), the middie
of the interventricular septal myocardium (4) and the myocardium of the lateral wall
of the left ventricle (5) (see Figure 6-2).

When contrast is visually detected, five enddiastolic frames prior to contrast appear-
ance is taken as the start frame. Fifty-two successive enddiastolic frames are then
grabbed into the computer for analysis of the time course of contrast appearance and
disappearance. Enddiasiolic frames are chosen because these images are the most
stable and most clearly show the effects of the contrast agent. The computer stores
all the measured intensities and constructs a time-density curve of echo contrast
appearance and disappearance for the different regions. For each region the mean
density is aiso determined.

The final time-density curve is constructed by subtracting the baseline density. Low
pass filtering is performed to smooth the curve. Furthermore, two beats are selected
for a frame by frame videodensity analysis in both the left as well as the right
ventricle in order o register cyclic variations. For the right ventricle the beats are
taken sufficiently long time after injection so that attenuation is minimal. For the left
ventricle beats are taken around the time at which peak density cccurs.

In vitro studies

Microscopic investigations are performed on Albunex® (concentration of the batch
used: 3.72 microspheres/mi}. Albunex® is diluted 1:200 in 5% human serum albumin
and placed in a cavity which can be viewed under a microscope. The human serum
albumin is air saturated at atmospheric pressure. The pressure inside the cavity can
be controlied between O and 200 mmHg. A camera is mounted on the microscope
to record the images. After placing the cavity with diluted Albunex® under the
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microscope first recordings are made under ambient pressure, in order to check that
the initial conditions of the human serum albumin do netinfluence the microspheres.
After 1 minute a static overpressure of 160 mmHg is applied and the microspheres
number and shape are studied visually.

To calculate the influence on the backscatter power of Albunex® caused by the
sieving action of the lungs the size distribution of the pulmonary capillaries, as
described by Hogg'’, is used. Before passing the lungs a typical size distribution of
Albunex is assumed, afterwards it is assumed that the larger microspheres have been
sieved according to the size distribution of the pulmonary capillaries. The calculated
backscatter power is based on the expected size distribution and the theoretical
model of an Albunex® microsphere. This model theoretically describes the attenuation
and scatter properties of a microsphere as described in chapter [l and IV and
reported by De Jong™®™.

RESULTS
Safety

Two different concentrations of Aibunex® are used in this study. No abnormalities are
detected in the [aboratory, electrophysiologic, general physicai or neurologic examin-
ations either before, immediately after or three days after the study reiated to the
injection of Albunex® or human serum albumin’®,

Videodensitomeiry

The control injections of 5 % human serumn albumin do not show an enhancement
of the video density in any region. The contrast effect in all patients as measured in
the left and right ventricle cavity is shown in Figure 6-3. The density increases for low
doses ( injection 2} and for high doses ( injection &) are given. The measurements
show that the contrast effect in the right ventricle is always higher than in the left
ventricle. Furthermore, Albunex® appears in the lefi ventricle of all subjects at the
highest dose, but a positive indication is also apparent at lower dosages. For example,
at the lowest dosages with a high concentration of Albunex® (injection 2), eight out
of ten subjects have a increased density in the left ventricle, although nothing could
be detected for two subjects (no's 2 and 2). The negative result in patient no. 9 can
be explained by the administration procedure during which a mechanical obstruction
occurred in the venous drainage from the ieft arm.
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Figure 6-3 The measured density increase in the ieft and right ventricle after an intravenous
injection of Albunex® for the 10 subjects studied and for high concentration of
Albunex® (3.3*10° microspheres/mi). density increase in the leff ventricle
after intravenous injection of 0.07 m! Albunex™/Kg; % density increase in
the right ventricle after intravenous injection of 0.07 m Albunexﬂ/Kg.% .
density increase in the right ventricle after intravenous injection of 0.04 mi
Albunex®/Kg; , density increase in the right ventricle affer intravenous
injection of 0.04 mi Albunex®/Kg.

An example of the contrast effects as observed in one patient is shown in Figure 6-4.
The measured time-density curve is displayed in each box and corresponds to 45
seconds of contrast effect. The different injections are ordered by column while the
different regions are ordered sequentially by row. A variety of parameters can be
calculated from these recordings such as: time of arrival of contrast area under the
curve, peak density, etc.

The density curves from the mid-interventricular septum are difficult to interpret
because of “shadowing” by the contrast effect from the left ventricle apex. A small
increase in density at the highest dosage is seen in the lateral wall of two subjects,
one of which is shown in Figure 6-4.
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Figure 6-4 Example of measured videodensity curves of one of the subjects for the
injections provided (71-6) at the regions of interest studied. Horizontally the
injection number is denoted, vertically the region of interest.
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Figure 6-5 Measured videodensity of one of the subjecis represented over two entire heart
cycles. The left panef shows the videodensity in the left ventricle 20 seconds
after injection, the right panel shows the videodensity in the right ventricle 40
seconds after the same injection.
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Table Vi-b  Mean density increase and standard deviation for the 5 region of interest and 6

injections
injection number
Region 1 2 3 4 5 6
1 28417 35+ 22 46 + 23 47 £ 17 47 £18 53+15

1314 1818 24 £18 24 £14 25116 3316
75 16+ 14 28122 25 %16 31119 44 = 16
13 10 8+ 8 i3+ 5 12+ 6 137 14+ 8
5t 4 54+ 3 7+ 6 10 +13 8+ 5 1M+ 8

M A WwN

The mean density increase together with their standard deviations for ail objects are
listed in Table Vi-b. The different regions are shown vertically and the injection
numbers horizontally. There is an increase in density in regions 1, 2, 3 for nearly all
injections, but no significant increase in the measured density in regions 4 and 5. The
average density in the right ventricle is higher than that in the left ventricle as already
shown in Figure 6-3.

The measured density variation in the left ventricle and right ventricle during two
heart cycles of one patient is shown in Figure 6-5. The sampling rate permitted
twelve measurements per cardiac cycle. The right ventricle density variation is about
five units and is lowest at end-systole. This may indicate that total backscatter is
pressure dependent. The same pattern is apparent for the left ventricle density
measuremenis (range 60 units), although the variation is much larger and consistent
with the higher pressure variations in the left ventricle.

There is generally a very high attenuation due to the contrast in the right ventricle
and this is most apparent at the highest dosages. As a resuit only a very small band
along the edge of the right ventricle could be seen interfering with the visualisation
of more distant structures. Attenuation in the right ventricle as high as 60 dB cm™ is
noticed, while in the left ventricle i is generally much less, 7 to 3 d8 ecm™. The
difference in density increase ranges between 3 and 45 "grey scale™ values. This
suggests a loss of microspheres during transit between the right and the left
ventricies. Furthermore, there is an unexpectedly large variation in the increase in
density. This apparent variation among normal subjects might have several causes,
including: different Albunex® characteristics; different physical situation, i.e. subject
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dependency; and procedural dependency. The fact that a smaller variability in density
valuesis observed inthe left ventricle suggests that the microspheres appearing in the
left ventricle are less sensitive to these causative factors. This can be due to the larger
microspheres, which would only appear in the right ventricle. Since Atbunex® requires
careful handling, large variations through handling of the product might also occur.

ir: vitro results

The invitro studies involve Albunex® microspheres diluted 1:200in 5% human serurn

Figure 6-6  Microscopic view of diluted Albunex®. A. just before overpressure; B. 1 second
after applying an overpressure of 760 mmHg; C. 5 seconds after applying an
overpressure of 160 mmHg.

albumin, exposed to overpressures of 160 mmHg. Figure 6-6 shows recordings of the
Albunex® microspheres just before, 1 and 5 seconds after applying an overpressure
of 160 mmHg. Photograph A shows a variety of microspheres sizes, all the
microspheres appear more or tess spherical. Note that the scale is 10 pm between the
bars and that the larger microspheres are over-represented due to flotation. After 1
second of overpressure photograph B shows that some microspheres have
disappeared and that the shape of all the microspheres has changed. This effect is
caused by diffusion of the gas inside the microsphere to the surrounding medium.
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The overpressure is responsible for an undersaturation of the gas concentration in the
fluid and therefore a difference in concentration of gas between the inside and
outside of the microspheres. Photograph C shows an almost complete disappearance
of the microspheres. The remainder of the microspheres are non-spherical and have
a decreased gas content. After approximately 20 seconds all the microspheres have
disappeared.

DISCUSSION

A detailed report on the safety and efficacy of Albunex® after intravenous injection,
in which our center participated, has recently appeared™.

It is shown that the quantitative analysis of the contrast effect at the left side of the
heart after an intravenous injection of Albunex® has fimitations relating to the stability
of the microspheres and the filtering action of the lung capiliaries.

An attenuation of the acoustic power of approximately 2 to 3 dB cm™ at 3.75 MHz
due to the microspheres is noted in the left ventricle. In chapter lii it is shown that
this degree of attenuation occurs for an Albunex® dilution of 1:10,000. in the worst
case, the 2.5 ml injectate diluted in the blood volume of the human (5 litres) results
in a dilution of 1:2,000. According to the known relationship between attenuation
and concentration, it can therefore be reasoned that the concentration in the left
ventricle is much less than expected. This indicates a loss of microspheres between
the right ventricle and left ventricle which may be explained by 3 factors:

a) Pressure dependency/diffusion of microspheres.

b) Filtering action of the lungs.

c) Dilution effect.

The influence of the static ambient pressure on difuted Albunex® is examined in the
in vitro study, while the in-vivo situation involves a pulsatile system. Cyclic variation
in intensities have been reported using sonicated human serum albumin®. The
videodensity variation during a cardiac cycle in both the ventricle and especially in the
left ventricle indicates a large pressure dependency. The effect of the sieving action
of the lungs can be demonstrated with a simulation of the expected backscatter
intensity. When Albunex® is infravenously injected the lung capillaries will sieve the
larger microspheres. The normalised size distribution of the lung capillaries’ is shown
Figure 6-7; capillaries between 4.5 and 5.5 pm are the most prevalent. The mean
diameter is around 6 um. The shaded area in the figure denotes the probability for
a particle with a given diameter will pass through these capillaries. For small particles
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Figure 6-7 Normalised size distribution of lung capillaries’(bars) and the probability
(shaded area) that a microsphere of particular size will pass these capillaries.
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Figure 6-8 Normalised size distributions of Albunex® as measured with the Coulter
counter’® (thin curve) and the calculated size distribution after lung passage
assuming the capillary distribution of Figure 6-7 (thick curve).
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this probability is equal to 1, for 6 um about 0.5 and for 10 um about 0.1. The
resulting effect on the size distribution of Albunex® is shown in Figure 6-8. The bar
diagram gives the normalised number of counts as function of the channel diameter
as measured with a Coulter Multisizer 1I'°. The Multisizer has an aperture of 50 um
employing 64 channels with diameters ranging from 1 o 35 um. The width of each
channel increases for larger channel diameters as indicated in the figure. The thick
curve in the figure is calculated assuming a filtering with the properties shown in
Figure 6-7 to simulate the sieving action of the lung. The larger microspheres
disappear while the number of smaller microspheres remain unaffected. The conse-
quence of this effect on backscattering capacity can be calcufated for clinically used
frequencies based on the model developed in chapter IV, describing the acoustic
properties of Albunex® microspheres. The model predicis a 10 dB difference at 2.5
MHz, while for 5 Mhz the calculated difference in backscattered power is 5 aB.

Albunex® is injected undiluted intraverously. When the microspheres arrive in the
heart, the solution is diluted and consequently a decrease in the peak concentration
and an increase in contrast duration is measured.

The Albunex® microspheres are filled with air which is capable of diffusing through
the encapsulation. Venous blood is not saturated for air and furthermore, the gas
content changes when flowing towards the heart. Differences in gas concentrations
between the microspheres and the surrcunding blood wiil cause diffusion and
consequently wiil change the size of the microspheres.

CONCLUSION

This study shows that an intravenous injection of Albunex® results in a echo-density
increase in the left ventricle in all subjects at the highest dosages used. in general,
there is a major difference between the contrast effect in the left ventricle as
compared to the right ventricle. This is due to the disappearance of microspheres, for
which the lung filtration effects and the pressure dependency effects of the
microspheres are considered to be the most important. This explanation is supported

by in vitro experiments and computations based on the known properties of
Albunex®.
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Abstract

Convential two-dimensional echographic instrumentation is poorly suited for
processing the acoustic scattering signals of echo contrast agents. The special
properties of the echo-contrast agents, such as phase information, frequency shifts
and second harmonic response require special signal processing in order to optimally
visualize the contrast agent. The characteristics of such special 2D contrast
echographic instrumentation is described. Furthermore, some proposals are made in
ordertoimprove the contrast agent Albunex®. Briefly, some of the acoustic properties
of two other commercial echo contrast agents, Levovist/Echovist and Ultravue, are
described. Finally the state of the art of the video-densitometry is summarized.
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The 2D echographic contrast instrument

Clinical contrast echocardiography has been performed hitherto with conventional
echographic instrumentation used for cardiac diagnosis in the out-patient clinic,
catheterization lab or operating room. These 2D instruments have been considerably
improved over the last two decades generating well defined ultrasound scanning
planes, with very sensitive transducers and advanced signal processing. The final
result is optimally presented on a video moniter in order to cbtain images which can
be used for clinical decision making. Recent developments in the low diagnostic
frequency range from 2-10 MHz, such as Color Coded Doppler and transesophageal
echocardiography (TEE) have not changed the essence of 2D echocardiography.
Color Doppler is an extension of the already well established single Doppler
methodology and it has turned out to be very useful to display the blood velocity
information in a more easily interpretable way, i.e. in color mixed with the 2d grey-
scale information. The main effort went into the scftware development, while the
hardware could remain unchanged. The introduction of the TEE technique required
no adaption or improvement in the echo apparatus itself at that time. It was only the
front end, the transducer, which needed to be redesigned in order to make it possible
to introduce the transducer into the esophagus to image the heart from the posterior
side.

However, intravascular imaging, intracardial and intravascular Doppler, developed
only over the last decade and operating in the high diagnostic frequency range, did
require completely new developments in both instrumentation and software. Here
the principal property of the contrast agent, visualisation of the blood stream, is less
important because the high frequency used made it possible already to visualize the
blood.

1t is believed that contrast agents will be useful especially for the low diagnostic
frequency range, e.g. out-patient clinic diagnostic, surgery and catheterization lab
where relatively simple methods can deliver much information. Although some
experimental echo equipment have been designed’ to perform rf measurements, and
some special purpose software for automatic delineation of the contours of the left
ventricle cavity and on-line grey value determination has been developed in the last
few years, it is necessary to develop special 2D echographic contrast instrumentation
in order to exploit the full range of possibilities of the contrast agents. These
nossibilities include enhancement of the backscatter, change in frequency content,

acoustic velocity change, generation of a second harmonic and omnidirectional
scattering.
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Design

New 2D echographic contrast instrumentation will consist of three main parts, which
is shown schematically in Figure 7-1: 1) the front-end or the acoustic transducer; 2}
the hardware; 3) the software or control and signal processing. The transducer
generates the acoustic waves and converts the received acoustic energy into electrical
signals. The hardware produces the electrical signals for the transducer, ampilifies and
stores the received echo's. The software controls the hardware and processes the
received data. It also controls the format of the displayed image.

IiTransducerJ—— Hardware A{Sofcware ——: Display

Figure 7-1 Schematic drawing of a 2D echographic contrast instrument

1) The acoustic transducer.

The transducer for a two-dimensional system can be either a mechanical or a phased
array transducer. A mechanical system consists in principle of only ane circular
transducer with beam steering performed by a mechanical rotating system. A phased
array transducer contains many small elements which are individually connected
electrically to, and controlled by, the hardware in order to achieve beam steering.
Phased array systems are far more popular than mechanical ones in the field of
cardiology. For the sake of simplicity, a mechanical transducer is considered here, but
the principle can be easily applied to a phased array system.

The transducer must be sensitive to both the first harmonic as well as the second
harmonic frequency. This can be achieved by a combination of two different
materials: PZT and PVDF. PZT is the classical Piézo-electric material and PVDFE is &
thin plastic. The transducer design is conventional, i.e. the front of the transducer
{(patient-side) consists of an acoustic lens formed by a material with the same acoustic
impedance as water but with a lower velocity. This lens is curved and focuses the
ultrasound bearn at 5-6 cm axial distance. The PVDF material is mounted adjacent
to the lens. Commercially available PVDF has an acoustic impedance of about 3.5
MRayls. By choosing the right thickness, this layer can act as 1/4 wavelength
matching layer between the PZT material and the medium. The PZT Piézo material
is backed with light, dispersive material to ensure a high sensitivity and a minimum
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of false echo's within the transducer. The PZT will be used as both a transmitter and
receiver, while the PVDF transducer will act only as a receiver, taking advantage of
the good receiving capabilities of the PVDF material. In such a design the PZT
ceramic will generate the ultrasonic wave and receive the first harmonic, while the
PVDF part will be sensitive for the second harmonic.

Another possible design for such a dual-frequency transducer would be to use two
pieces of Piézo material: one with a conventional resonant frequency and the other
twice that. The high frequency transducer would have z circular shape, while the low
frequency transducer a ring shape with a inner diameter slightly [arger than the high
frequency transducer. Each transducer would have its own matching layer, differing
only in thickness, and it's own backing which would consist of the same material. The
transducers would be mounted such that the front of the matching layers are in one
plane and an acoustic lens wouid cover both transducers. The outer transducer would
transmit the acoustic signal and receive the first harmonic, while the inner transducer
would receive only the second harmonic. This design has the advantage of lower
mechanical coupling between the high and icw frequency transducers. The beam
profile in this design, however, will be compromised, especially for the low frequency
transducer.

2) Hardware

The hardware must generate a high voltage double or triple puise in order to produce
a sinus burst of two or three periods. Two receiving circuits are required; one for the
first harmonic and the other for the second harmonic fransducer. Due to the complex
signal processing requirements, it will be necessary to digitize the received signals at
the very front-end. For a mechanical 2D contrast system analog to digital conversion
for only 2 receiving channels is necessary but for a phased array system this clearly
represents an increase in complexity®.

It will be necessary that the demodulated signal be compressed in order to render the
60-80 dB dynamic range of the acoustic signal into the 20-30 dB range of the
videoscanned memory and monitor. The raw acoustic lines, digitised in 116 bits words,
are corrected for transducer characteristics and applied acoustic energy. This
correction would be built into the echoapparatus and determined at fabrication e.g.
by a flat plate reference measurement. The received signals can be stored in two
different ways for later analysis.

a) Demodulated data of all the acoustic lines.
Considering a scanning depth of 200 ps (15 cm) and a resolution of 400 points per
acoustic line, the data rate will be 2 Mwords per second. This yields 60 Mwords for
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a recording of 30 s, which could be stored in RAM memory with a capacity of 120
Mbyte (low-cost, access time 500 ns). Advanced data compression techniques (50%
compression) would be applied to each recording and the results transferred to a
rewritable opfical disk of 600 Mbyte capacity. About 10 half-minute recordings can
be stored in this way. Off-line processing can then restore the data and display it in
the desired format. The grey scale information with 16 bits resolution is linear and
independent of the instrumentation. All the information is available for e.g.
background substraction to be done in the correct way.

b) RF data is stored.

The operator selects a region of interest for recording each frame or ECG triggering
is used for storing the whole 2D image. The maximum temporal data rate is 25 M
words per second, while the averaged data rate is 1 Mbyte per second after selection
has been made. The data is stored in fast RAM (40 ns access time) with a capacity
of 1Mbyte. During the interval that no f data is gathered, the data is transferred to
slower RAM to make the faster RAM available for the next cycle. The data is
subsequently stored on an rewritable optical disc for later analysis.

3) Software

In principie, the software should be included in the 2D echographic contrast

instrument. Nevertheless it may be desirable to perform some time consuming

processing off-line. The processing software can be split into four main categories.

a) Aligning all the images of interest by cross-correlation of the subsequent images.
There are two degrees of freedom while working with the acoustic lines; rotation
around the insertion point and a translation along the acoustic line.

b} The conventional gray scale analysis as a function of time. The region of interest
can be identified in the firstimage and the time-density curve calculated over the
images of interest with the original dynamic range of 60-80 dB which will be
completely linear. The resulting data is independent of the echo apparatus and is
directly related to the scattering/reflecting properties of region under
consideration.

¢) Fourier transformation of the rf signal. The mean frequency in a region of interest
can be calculated from the Fourier data and different regions can be compared
in orderto determine the frequency dependent attenuation or pressure influences.
Phase information from the Fourier transform reveals the acoustic velocity.

d) Auto-correlation techniques or other special tissue identification software can be
implemented. In this case the contrast agent will be used mostly for backscatter
enhancement.
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Albunex®

In this thesis the acoustic properties of Albunex® are described together with some
clinical experiments. The agent is able to pass the lung capillaries after intravenous
injection and gives a good contrast effect in the left ventricle cavity. It will be
probably the first on the market with these capabilities. However, Albunex® diluted
in a saturated liguid and exposed to an overpressure of 160 mem Hg, which can occur
in the left ventricle or in the coronary system, has a dramatic effect on the existence
of the microspheres. The stability of diluted Albunex® under ambient pressure,
however, is satisfactory and has been independently confirmed®. The mechanism for
the loss of microspheres in vitro is the diffusion of the gas inside the microsphere to
the surrounding fluid. Gas concentration differences determine such diffusion rates.
In the circulation the gas concentration also varies from the venous site of injection
to the left ventricle. The most important components which change are
carbondioxide and oxygen. In venous blood the relative contributions are 6 and 5
percent respectively, in the left ventricle cavity 5 and 13 percent®. The gas content
of the Albunex® microsphere is assumed to be that of air, which means ~0%
carbondioxide and 21% oxygen. When injected intravenously there is a diffusion
gradient for both CO, and O,; the CO, will diffuse quickly into the microsphere and
G, relatively slowly outwards. This results in an increase in the net gas content and
thereby an increase in the diameter of the microsphere.

Diffusion of a gas in a liquid is dependent on the velocity of the molecules and the
viscosity of the liguid. The velocity of the gas depends on the size of the gas
molecules and the temperature. The disappearance of gas bubbles in a saturated
liquid is due to the surface tension causing a permanent overpressure inside the
bubble, which results in a permanent concentration difference between the inside
and outside of the bubble. The shell around the Albunex® microsphere however
greatly improves longevity by eliminating this surface tension. Also, the shell itseif
constitutes an additional barrier for the diffusion process. Nevertheless, concentration
differences between the inside and outside of the microsphere will eventually destroy
the microsphere as the surrgunding shell is permeable to air. Nitrogen and oxygen
molecules both have a size of about 0.36 nm and are apparently small enough o
diffuse through the shell. Replacing the nitrogen and oxygen with another gas of
larger molecules should improve the persistence. Possible candidates include inert
gasses such as Xenon, which is 50% larger or Sulphur hexafluoride which is about 2
times larger. Exchanging the gas content of existing Albunex® requires an accurate
control of the gas content of the surrounding liquid. Saturation of the raw product
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before manufacturing is only possible with gases which can withstand high
temperatures. The gas used will not affect the acoustic properties of the microspheres
as long as the gas behaviour can be approximated by an ideal gas.

Uitravue®

Ultravue® is a registered trade mark of Delta Biotechnology limited, Nottingham,
England. The raw product is recombinant albumin. The product is delivered in a
powder form, containing 3x10° microcapsules which must be suspended in water.
These microcapsules have a diameter range of 3-10 um and are gas filled. The shell
encapsulating the gas has a thickness of 100-200 nm. The product is currently
undergoing testing in animal experiments.
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Figure 72 Some characteristics of Ultravue®, 3x10° microcapsules are diluted in 600 mi
water. Left panel, microscopic view, grid equals 70 um. Right panel, acoustic
transmission and scattered power as funclion of freguency.

A microscopic view of the microcapsules diluted into 600 mil water is shown In
Figure 7-2. It can be appreciated that the average size is below 8 pm. The
photograph also shows a certain clustering, but no coagulation is noticed. An
undersaturation of the gas concentration in the fluid does not influence the visual
appearance of these microcapsules, such as shape and size. Some acoustic
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measurements, carried out in the frequency range from 1 to 10 MHz are shown in
the right panel of the figure. The transmission measurements demonstrate an
increasing attenuation with increasing frequency, indicating that no resonance
phenomenon occurs for this frequency range. Any possible resonant frequency will
have a relatively high value due to the rigid shell of these microcapsules. The scatter
magnitude shows an increasing value for higher frequency, characteristic for particles
responding below their resonance frequency.

Echovist” and Levovist”

Echovist® and Levovist® are registered trademarks of the Schering product SH U 454
and SH U 508A respectively. Levovist” is the transpulmonary derivative of Echovist®
and is chemically identical to it, apart from a minor galenic modification®. The
acoustic properties of Levovist® are described by Schrope® and Schlief’. The latter
reports only a slight change in acoustic velocity for solutions as concentrated as 200
mg/ml and a peak attenuation at 2.5 MHz. The size distribution of the bubbles is
calculated from the attenuation curves, making some simplifying assumptions. This
distribution has a maximum value at a diameter of 2.7 um. In vitro measurements
further show a good pressure stability. The echogenicity of Levovist® decreases only
1 dB per minute under a elevated pressure of 100 mmiHg. Schrope reports the
presence of a second harmonic for Levovist®. Echovist® is a non-transpulmonary
agent, which became commercially available in Germany in Octcber 1991. Levovist
is now under evaluation in clinical trials.

An in-vitro measurements carried out on Echovist® is shown in Figure 7-3. The
transmission through Echovist®, after the prescribed preparation of 850 mgin 8.5 mi,
is given, as a function of the frequency. Undituted, it provides an attenuation as high
as 100 dB cm™ at a frequency of 3 MHz. The fransmission increases as a function of
the frequency, indicating that the dominant bubble sizes have their resonance
phenomenon below 1 MHz.
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Figure 7-3  Transmission as a function of frequency for Echovist with a concentration of 700
mg/mi.

Videodensitometry

Echocardiographic contrast studies of the myocardium should easily detect a regional
perfusion deficit. The absence of contrast will be noticeable in the underperfused area
when the injected contrast agent provides a enhancement of the backscatter in other
areas of the myocardium. In less explicit cases, when less than expected backscatter
enhancement occurs or when the contrast washout time is profonged, no easy
diagnosis can be made and there is a need for a more quantitative approach in order
to judge the perfusion of the specific area under consideration.

With videodensitometry a time-intensity curve can be constructed in several regions
of interest of the myocardium. Such curves show an initial buildup (wash-in), then
the backscatter intensity reaches a maximurn, and subsequently the contrast is
washed out and the backscatter decreases until it reaches its initial value again. In
general, these gray-scale values are fitted to an analytical gamma curve of the form
y = A(t-t,)° exp(-E(t-t ) for t > t,,, where t denotes the time, 1, the time of the start
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of appearance of the contrast, and A, { and § the parameters to be estimated. Many
clinical studies have been published in the last decade which try to correlate
parameters of the measured time-intensity curves with angiographic determined
severity of stenosis, pressure drop across a lesion and myocardial bioodflow®"". The
parameters used in the time intensity curves include: Peak intensity, wash-in time,
wash-out time, area under the curve, etc.. These clinical studies are mostly
pragmatical; modelling and application of existing indicator dilution theory has only
recently been reported™™,

The principle of the indicator dilution theory, original developed by Stewart and
Hamilton, can be described as follows: if the concentration of a uniformly dispersed
indicator in an unknown volume is determined, and the total volume of the indicator
is also known, then the unknown volume can be determined. This principle results
in the following two equation, of which the second can be derived from the first
one':

Mtot
Foem vii-1]
fo Ctodt
and
V= F t- vie-2]1

F = flow
M., = Injected indicator
C(t) = concentration of the contrast as function of time
Vv = volume

mean transit time

An extensive discussion of these equations is outside the scope of this paragraph, but
some remarks need to be made in order fo stress the importance of these basic
equations for interpretation of the video contrast time-intensity curves.

For a one-input multiple-output system, it can be shown that the time integral of the
concentration of each output is equal and equal to the quotient of input flow and
total injected indicator™ according to equation [Vii-11. For contrast echocardiography
which receives the backscatter of a certain volume of tissue containing multiple
channels with blood containing the contrast, that this integral denotes the blood
volume. In this way the blood volume of different parts of the tissue can be
compared.
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Equation [VII-2] represent the relationship between flow, volume of a tract and the
mean transit time of the tracer through the tract. When the contrast is injected as a
bolus, T can be calculated from the contrast-time curve measured at the end of the
tract. When the blood volume is known flow can be calculated according to equation
[ViI-2]. When the injection can not be considered as a bolus, the input time-
concentration curve has to be determined and a deconvolution of the output time-
concentration curve has to performed. No information is necessary about the
absolute concentration of the tracer.

The real situation is much more complicated. The blood volume is not easy to
determine, and it changes during the cardiac cycle. It is necessary to make certain
assumption about stagnant volumes, and the determination of t is affected by noise
especially at low flow values. Deconvolution with the input signal is also noise
sensitive and besides, it is necessary to measure this input functicn. The application
of equation [V1I-1] requires that the amount of injected contrast is known and that
it remain stable during the measurement. Furthermore, the received acoustic signal
from the contrast agent has to be recalculated in terms of the concentration of the
agent.

Videodensitometry also has a number of pitfalls, but these can be easily resolved.
First, until now it has been difficult, if not impossible, to compare data from one
center with another. The measured gray-scale vaiues are equipment dependent and
non-linear with respect to the backscatter properties of the medium of interest. This
can be easily overcome by storing the data in a linear format and correcting for
transducer characteristics and electronics, as described in the first paragraph of this
chapter. The data can be stored on small removable opticai discs. Second, the analysis
is hampered by the motion of the heart. The specification of the regions of interest
must be monitored possibly repositioning for each frame to be anaiyéed. This can be
automated by image processing techniques or by contour detection. In general, the
motion of the heart can be eliminated by aligning the images. Cross-correlation of
sequential images for establishing the optimal alignment is time consuming, but can
be optimised by using special processors and by developing a good search strategy.

It has already been shown that the current contrast agents can serve as a blood
tracer’. With an improved 2D echomachine capable of measuring the scattered
power of the contrast agent and with the known acoustic properties of the agent,
fundamental approach to these time intensity-curves in order to determine regional
perfusion of the myocardium.
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Final Conclusion

Contrast echography will play an increasingly important role in the near future, both
within the field of cardiology as well as other areas of medicine. The understanding

and
this

exploitation of the characteristics of the echo contrast agents will be essential to
process. At the moment no commercial contrast agent fulfils the ultimate goal:

detection in the myocardium after intravenous injection. This thesis describes the
acoustic properties of several contrast agents, especially Albunex®, which are
important for further improving and exploiting the unique properties of gas bubbles
or encapsulated gas filled microspheres. A whole generation of 2D echographic
instrurnentation is necessary to exploit these unique properties and will open the
possibility of obtaining new and clinically significant information.
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Summary

The diagnostic applications of ultrasound have soared during the last 20 years.
Significantimprovements in equipment, as wefl as advancements in knowledge, have
been achieved further confirming the inherent merits of echo-diagnostic techniques.
Although different structures in the body can be imaged in a2 non-invasive way, blood
itself remains very difficult to detect by ultrasound; the red blood cells although large
in number, scatter very [ittle uitrasonic energy. White blood flow in the large vessels
{e.g. acrta, and left and right veniricle) can be visualized with the aid of the Doppler
effect, the blood flow in the coronary system of the heart can be barely discerned.
If this could become possible, for example through the administration of an echo-
contrast agent, a considerable extension of the field of diagnostic ultrasound could
be achieved. The acoustic properties of echo-contrast agents in this context are
further expiored in this thesis.

A review of the historical development of cavitation effects and negative pressures
in fluids is presented in chapter |, for which the mathematical development serves as
a basis for the current understanding of echo-contrast materials. Furthermore, several
potential clinical applications in the field of cardiology are presented. The
determination of myocardial perfusion after intravenous injection of the contrast
agent is the most important of these. A number of commercially available materials
are described as well as some more prosaic home-made echo-contrast agents.

The potential possibilities of contrast agents are examined in greater detail in chapter
il. First, the acoustic backscatter properties of small gas bubbles is compared with
those of solid particles of the same dimensions. The properties of gas bubbles in
soiution are then investigated. The specific properties of gas bubbles which influence
transmission velocity, resonance behaviour, emission of higher harmonics and an
increase of the backscattered energy is described. These characteristics, for instance,
open the possibility of non-invasive determination of local pressures in the heart and
the construction of two-dimensional echo-images for which the area containing only
the contrast agent is visualized.

The ultrasonic attenuation and scattering of Albunex® is described in chapter 111,
Albunex® is a commercial contrast agent which is marketed in Furope by Nycomed,
Norway. This agent consists of encapsulated air bubbles with a mean diameter of 3-4
um, of which 95% are smaiter than 10 um in diameter. A theoretical model for this
contrast agent is developed and tested experimentally by attenuation studies in the
frequency range 700 kHz to 8.5 MHz,

The model is further developed in chapter IV, in order to also describe the backscatter
properties of this contrast agent. The upper frequency range is extended from 8.5 to
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12.5 MHz and the scatter and attenuation properties determined as a function of the
size of these encapsulated air bubbles. This section is concluded with a determination
of the ideal size of an Albunex® microsphere, based on minimal attenuation and
maximal scattering.

Theoretical aspects of the nonlinear acoustic behaviour of air bubbles and
encapsulated air bubbles are described in chapter V. The nonlinear effects of gas
bubbles, at an acoustic pressure of 50 kPascal, is 100 times greater than that of
encapsulated gas bubbles such as Albunex®. Nevertheless, it is shown experimentally
that higher harmonic components, which originate in the scattered signal of
Albunex®, can be easily measured. Furthermore, a one-dimensional experiment is
performed in which the backscattered acoustic energy from a medium with contrast
agent, solid particles and a plate refiector is analyzed. Two A-modes are calculated;
a conventional one with all objects in the medium, and a "second harmeonic*® signal
in which only the contrast agent is visible.

Chapter VI contains results of a clinical study using the contrast agent Albunex®
administered intravenously in which it is shown that this contrast agent has no
apparent side effects. The measuremenis indicate that the contrast effect is smaller
than would be expected from in-vitro measurements, and that there is a considerable
difference between the effects observed in left and right ventricle. Possible
explanations such as diffusion, lung filtration, and pressure differences between left
and right ventricle are examined and tested by in-vitro experiments.

A general discussion, reviewing the current state of development and the major
conciusions is presented in chapter VIl. A description of what a 2D echo contrast
apparatus should look like is given. Armong other possibilities, such a machine could
provide instantaneous pressure measurements, simultaneous conventional and
contrast images, and linear grey scale measurements. Furthermore, suggestions are
made for improving the properties of Albunex®. The merits of other commercial
contrastagents, forexample Lechovist®/Levovist® and Ultravue®, are briefly described
in this context. Finally the value of the presently known parameter set used for
quantifying the contrast effect, i.e the time-intensity curve are discussed and
suggestions are made for a more fundamental approach.
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De diagnostische toepassingen van ultrageluid hebben de laatste 20 jaren een
enorme viucht genomen. Apparatuur en kennis zijn, door de grote waarde die aan
echo-diagnostiek wordt gegeven, sterk verbeterd. Met behulp van ultrageluid
kunnen verschillende structuren in het lichaam niet invasief worden weergegeven.
Bloed echter is met uitrageluid heel moeilijk te detecteren omdat de bloedpiaatjes,
alhoewel groot in aantal, weinig scatteren. Met behulp van het Doppler effect kan
alleen maar de bloedstroming in de grote bloedvaten worden weergegeven,
bijvoorbeeld in de aorta en linker- en rechter ventrikel. De bloedvoorziening in het
coronaire stelsel van het hart kan niet of nauwelijks zichtbaar worden gemaakt.
Toediening van een echocontrastmiddel, dat dit wel mogelijk maakt, zou een
aanzienlijke uitbreiding betekenen van de diagnostische ultrageluids toepassingen.
In dit proefschrift worden de akoestische eigenschappen van echocontrastmiddelen
onderzocht.

In hoofdstuk | wordt eerst een historisch overzicht gegeven over cavitatie effecten
en negatieve drukken in vloeistoffen, waarvan de mathematische beschrijving als
grondslag dient voor de huidige echocontrast vloeistoffen. Verder worden de
potentiéle klinische toepassingsmogelijkheden binnen de cardiologie gegeven,
waarvan bepaling van myocardial perfusie na intraveneuze injectie van het
contrastmiddel de belangrijkste is. Een aantal commerciéie middelen wordt kort
beschreven, naast een aantal home-made echocontrastmiddelen.

in hoofdstuk Il wordt ingegaan op potentiéle mogelijkheden van contrastmiddelen.
Eerst worden de akoestische backscatter eigenschappen van kleine gasbellen
vergeleken met die van vaste deeltjes van dezelfde afmeting. Vervolgens wordt van
gasbellen het oplossen in een vioeistof onderzocht. De voor gasbellen specifieke
kenmerken zoals beinvioeding van de ultrageluidssnelheid, resonantiegedrag, emissie
van hogere harmonische en verhoging van de backscatter worden beschreven. Deze
kenmerken openen bijvoorbeeld de mogelijkheid van het niet-invasieve bepalen van
lokale drukken in het hart en constructie van 2-dimensionale echobeelden waarin
alleen de aanwezigheid van het contrastmiddel wordt weergegeven.

in hoofdstuk 11l worden ultrageluidsverzwakking en scattering van Albunex®
behandeld. Albunex® is een commerciee! contrastmiddel dat in Europa op de markt
wordt gebracht door Nycomed, Noorwegen. Dit contrastmiddel bestaat uit
ingekapselde luchtbelletjes met een gemiddelde diameter van 3-4 um en waarvan
95% kleiner is dan 10 um. Een theoretisch model voor dit contrastmiddel wordt
opgezet en gefoetst aan experimenteel verkregen resultaten van de
ultrageluidsverzwakking in het frequentie bereik van 700 kHz tot 8.5 MHz.
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In hoofdstuk IV wordt het model verder uitgebreid om ook de scatter eigenschappen
van dit contrastmiddel adequaat te kunnen beschrijven. Het frequentiebereik is
uitgebreid van 85 naar 12.5 MHz. De scafter en verzwakkingsmetingen zijn
vitgevoerd als functie van de grootte van deze ingekapselde luchthelletjes. Conclusie
wordt getrokken met betrekking tot de ideale grootte van een Albunex®™ microsphere
uitgaande van een minimale verzwakking en een maximale scattering.

in hoofdstuk V wordt het niet lineaire akoestische gedrag van lucntbellen en
ingekapselde luchtbellen eerst theoretisch beschreven. Het niet lineaire effect van
gasbellen is bij akoestische drukken van 50 kPasca! een factor 100 groter dan van
ingekapselde gasbellen, zoals hijvoorbeeld Albunex®. Experimenteel wordt
aangetoond dat hogere harmonische componenten, die ontstaan in het gescatterde
signaal van Albunex®, meetbaar zijn. Verder wordt een 1-dimensionaal experiment
uitgevoerd waarin de terug-gescatterde akoestische energie uit een medium met
contrastmiddel, vaste deelijes en een plaatreflector wordt geanalyseerd. Twee A-
modes worden berekend; een conventionele met alle objecten in het medium, en een
"tweede harmonische" waarin alleen het contrastmiddel zichtbaar is.

In hoofdstuk Vi wordt een klinische studie beschreven met het contrastmiddel
Albunex®, dat intravenous wordt toegediend. Deze studie laat zien dat dit
contrastmiddel geen bijwerkingen heeft. Metingen tonen verder aan, dathet contrast
effect kleiner is dan verwacht mag worden uit in-vitro metingen en dat er een
aanzienlijk verschil is tussen de effecten in linker- en rechterventrikel. Mogelijke
verklaringen zcals diffusie, longfiltratie en drukverschillen tussen Hnker- en
rechterventrikel worden aangegeven en gestaafd met in-vitro experimenten.

In hoofdstuk Vil wordt beschreven hoe een 2D echocontrast-machine er uit dient te
zien. Met zo'n machine kunnen o.a instantane drukmetingen worden uitgevoerd,
simuitaan conventionele en contrastbeelden worden gemaakt en lineaire grijswaarde
metingen worden uitgevoerd. Verder worden er suggesties gedaan voor verbetering
van Albunex® en worden kort de merites van andere commerciéle contrastmiddelen,
Lechovist™/Levovist® en Uliravue®, beschreven. Tenslotte wordt de waarde van de
huidige parameters die gebruikt worden bij het quantificeren van het contrast effect,
in casu de tijd-intensiteits curve, beschreven en worden er suggesties gedaan voor
een fundamentelere aanpak.
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List of symboils

radius of the transducer

amplitude of the time domain signal
corrected amplitude of the time domain signal
attenuation in lossless mediumn
amplitude term

1/, T polytropic coefficient

nonlinear parameter of the medium
acousfic velocity

saturation concentration of gas in a liquid
thermal conductivity

dissolved gas concentration in a liquid
specific heat of a gas at constant pressure
specific heat at constant pressure
specific heat at constant volume
distance

diffusion constant air-water
cross-sectional area of volume element
(R, T C/P,,

length of a volume element

Young's modulus

frictional force

frequency

resonant frequency

shear modulus

intensity of acoustic field

incident intensity of accustic field
backscattered intensity

angular wave number

bulk modulus

constants

effective mass of bubble-liquid system
concentration of scatterers

number of scatterers

pressure

pressure inside the bubble

pressure outside the bubble

applied acoustic pressure
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initial gas pressure inside the bubble
ambient pressure

atmospheric pressure

power received by the transducer
scattered power

total transmitted power

vapour pressure

pressure change

distance

instantaneous bubble radius
initial radius of bubble

internal radius of bubble

external radius of bubble
universal gas constant

maximum radius

minimum radius

stiffness of the bubble-liquid system
shell friction parameter

shell elasticity parameter

time

temperature

wall thickness

radial displacement of the bubble

volume concentration of the mixed component

volume concentration of the gas
volume

volume change

distance to transducer

first time derivative of the radius
second time derivative of the radius

absorption cross-section
extinction cross-section
scattering cross section



list of symbols

attenuation coefficient dB em™”
surface tension coefficient

C/C,

polytropic exponent of the gas

compressibility term

density term

damping coefficient due to the friction inside the shell
damping coefficient due to re-radiation

total damping coefficient coefficient

damping coefficient due to heat conduction

damping coefficient due to viscosity of the liquid

viscosity Nsm?
compressibility of medium m*N"
compressibility of a scattering particle m” N
the compressibility of the gas m* N’
compressibility of the mixed component ' m? N’
compressibility of the original component m’ N
wavelength m
Poisson ratio

density kg m
density of a scattering particle kg m?
density of a gas kg m™
density of the mixed component kg m™
density of the liquid kg m?
surface tension Nm’
angular frequency s
angular resonant frequency g
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